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Extensive modification of riparian zones across the globe has seen a reduction in the 
important functions and services provided by the vegetation. Maintaining water quality, 
sediment control, nutrient cycling, habitat provision, climate change mitigation, and 
increased biodiversity value are a few of the services provided by riparian vegetation. 
Within New Zealand, approximately 16,000 ha of native forest has been cleared in recent 
times. This forest loss, compounded by historical forest loss over the previous seven 
centuries (14 million ha as of 2002), alongside the important services, gives native forests 
occurring within riparian zones increased value. This research assessed the species 
composition, community structure, restoration potential, and restoration needs of native 
riparian forest remnants in the Hawke’s Bay Region of New Zealand.  
Eleven riparian forest remnants that were predominately comprised of native species and 
were greater than 0.25 ha in size were selected to be surveyed. Empirical data was 
collected through vegetation surveys, including 10 x 10 m RECCE plots, forest health 
assessments, bird counts, and visual soils assessments. Bagged regression trees were 
utilized to determine which explanatory variables were the most important for the species 
composition and community structure of the sites surveyed. Variable importance plots 
and partial dependence plots were used to interpret the results from the bagged regression 
trees.  
Of the 127 vascular plant species identified, 66 were native or endemic and 61 were 
exotic. Only one species, Kunzea robusta, was deemed threatened. Species found in the 
greatest number of plots included, Melicytus ramiflorus, Coprosma robusta, K. robusta, 
and Salix fragilis. Bagged regression tree models indicated that the six key explanatory 
variables for the community structure and species composition of the sites surveyed were 
annual rainfall, elevation, mesotopographic index, road density, slope, and distance from 
the river. Partial dependence plots indicated that sites with high native species richness 
and importance, low exotic species richness and importance, high understory density and 
canopy cover were those with an annual rainfall between 1050 mm and 1200 mm, an 
elevation above 150 m above sea level (a.s.l.), a mesotopographic index of 45 or above, 
a road density of 0.60 km² or below, a slope between 15° and 30°.  
Desirable or good species composition and community structure was associated with high 
native species richness and importance, low exotic species richness and importance, a 
high understory density, and a high canopy cover. Moderate forest health, good soil 
ii 
 
quality, and a mixture of good and poor community structure and species composition 
was observed across the Ngaruroro, Tutaekuri, and Tukituki Rivers. Sites or portions of 
a site with an annual rainfall outside of the 1050 mm to 1200 mm desirable range, that 
are present further than 190 m from the river’s edge, have an elevation less than 150 m 
a.s.l., have a mesotopographic index of greater than 45, a road density of 0.60 km² or 
below, and have a slope outside of the 15° to 30° range, may require more intensive 
restoration efforts and greater investments.  
Overall, sites with good current community structure and species composition were 
deemed to have the highest restoration potential as such sites had fewer restoration needs 
and would require fewer interventions and lower investments. Two of the Tukituki River 
sites, named TT-4 and TT-5, had the highest restoration potential of all the sites surveyed. 
This was largely due to the presence of diagnostic species from the ecological reference 
used, and the close proximity to each other and to a managed forest remnant. Sites TT-4 
and TT-5 could be made a priority for restoration projects utilising more passive methods. 
The remaining Tukituki River site named MK-31 and one of the Ngaruroro River sites 
NG-6 were deemed to have the lowest restoration potential, particularly due to the lack 
of seed sources and poor community structure and species composition. Sites MK-3 and 
NG-6 could be made a priority in restoration projects utilising more active methods.  
Future restoration projects should aim to improve species composition and community 
structure. The improvements could be made by removing undesirable species such as 
exotic and weed species and introduce desirable native and site-appropriate species. 
Interventions could utilize canopy manipulation, nurse plants, and ecological references. 
This research contributes to the national reporting of quantitative data describing the 
community structure and species composition of native riparian forests in New Zealand, 
provides a quantitative model of the most important explanatory variables for community 
structure and species composition in the riparian forests surveyed, and contributes to the 
understanding of the restoration potential of riparian forest remnants in the region. Future 
studies could further explore the suitability of the restoration methods and ecological 
references outlined in this research, the future risk of forest clearance. 
Key words: community structure, species composition, bagged regression tree model, 
riparian forest restoration, Hawke’s Bay, Ngaruroro, Tutaekuri, Tukituki.  
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1 Chapter One  
Introduction 
This research addresses the current lack of demographic data for riparian forest remnants and 
explores the restoration potential and needs of 11 native forest remnants in the Hawke’s Bay 
Region. Within the following chapter is background information on riparian vegetation, 
forest clearance, ecological restoration, and the study region. Research aims and objectives, 
and an overview of the thesis layout is also provided in this chapter. Species nomenclature 
follows The Plant List for this thesis (http://www.theplantlist.org/). 
1.1 Riparian vegetation 
Worldwide, extensive modification of riparian vegetation has occurred (Miller, 2002; 
DeClerck et al., 2010; & Kominoski et al., 2013). Through this modification, much of the 
world’s riparian vegetation has been reduced to degraded and isolated patches, reducing the 
functions that these forests serve (Miller, 2002). Riparian vegetation acts as the interface 
between terrestrial and freshwater environments (Storey & Cowley, 1997). Operating at this 
interface, riparian vegetation serves several functions and provides a number of ecological, 
economic and aesthetic benefits (Pusey & Arthington, 2003). Riparian vegetation can 
provide diversity in habitat structure, food resources, bank stabilization, stream shading, 
pollution management, temperature control, and water quality protection (Pusey & 
Arthington, 2003; Broadmeadow & Nisbet, 2004). Intact riparian vegetation is usually 
associated with disproportionately high levels of biodiversity (Miller, 2002; Schmidt et al., 
2019; Shekhar & Azim, 2010). The spectrum of riparian plant communities represents 
adaptations to a wide range of habitat types and environmental conditions (Schmidt et al., 
2019), including the river’s natural flow regime, where the flow timing, frequency, 
magnitude, duration, and predictability of flow directly impacts the traits of riparian plant 
species (Mahoney & Rood, 1998; Karrenberg, Edwards & Kollmann, 2002; Middleton, 
2002). These adaptations are what enables such species to persist in the sharp transition 
between terrestrial and freshwater environments (Schmidt et al., 2019). Terrestrial plants, in 
turn, support high diversity of animal species (Miller, 2002). Among these are freshwater 
fish that benefit from habitat heterogeneity (Miller, 2002). Branches hanging over the water 
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and the input of wood are what provide the habitat heterogeneity (Broadmeadow & Nisbet, 
2004).  
The creation of vegetation corridors is another function of riparian vegetation, which allows 
for the movement of plant and animal species (Miller, 2002; Bennett et al., 2014). It has been 
demonstrated that riparian vegetation is important for the processing of carbon and nutrients, 
the retention of water (Owen et al., 2015), the interception of pesticides, and the mitigation 
of waterway eutrophication (Burrell et al., 2014). Root uptake, plant chemical cycling, leaf 
litter, and the stabilizing of nutrients in the soil by plants all influence carbon and nitrogen 
cycling processes (Dosskey et al., 2010; Hazlett et al., 2008). Riparian vegetation may also 
act as sinks for greenhouse gases including carbon dioxide (CO2), nitrous oxide (N20) and 
methane (CH4) (Dosskey et al., 2010). Aside from nutrient and sediment interception, 
riparian vegetation can mitigate waterway eutrophication by providing shade to the 
associated waterway (Burrell et al., 2014). Shading of the water’s surface reduces gross 
primary production, which reduces the likelihood of algal blooms (Burrell et al., 2014). The 
interception of groundwater, surface water, and rainfall by the roots, shoots, and canopy of 
riparian vegetation slows down the rate at which water can enter the freshwater system, which 
reduces the risk of flooding (Broadmeadow & Nisbet, 2004). The interception of water also 
reduces the risk of landslides and the associated input of sediments to the freshwater system 
(Broadmeadow & Nisbet, 2004). Erosion protection is another important function served by 
the below-ground biomass of riparian plants (Marden, Rowan & Phillips, 2005). For the 
freshwater environment, erosion protection reduces sediment inputs and reduces the risk of 
changes in flow and habitat availability (Broadmeadow & Nisbet, 2004). For the terrestrial 
environment, erosion protection reduces the risk of habitat loss and increased flooding 
(Broadmeadow & Nisbet, 2004).  
1.1.1 Modification of riparian vegetation 
Remnants of riparian forests or other such riparian vegetation types are often retained to 
maintain the functions that they serve and the benefits that they provide to humans (Schmidt 
et al., 2019).  Benefits for humans include water management, fertile soil, timber, wood, and 
useful plant species (Schmidt et al., 2019). In areas where benefits such as these are not 
required, modification of riparian vegetation is a risk (Schmidt et al., 2019). 
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High-fertility soils and accessible locations have resulted in large areas of riparian vegetation 
being cleared and converted to agricultural land (Miller, 2002), settlements (Schmidt et al., 
2019), or infrastructure (Tockner and Stanford, 2002; Naiman et al., 2005). Clearance of 
riparian vegetation decreases habitat availability and biodiversity, and results in increased 
nutrient leaching, erosion risk, drought risk, species invasions, as well as increased frequency 
and/or severity of algal blooms (Burrell et al., 2014; Schmidt et al., 2019). Flood protection 
schemes and the taking of water from waterways often results in hydrological changes which 
can, in turn, affect the riparian vegetation (Tockner and Stanford, 2002; Naiman et al., 2005). 
Dams, diversion structures, canals and constructed waterways are further examples of human 
modifications to the flow of water and sediments in freshwater systems (Poff et al., 1997; 
Naiman, De´camps & McClain, 2005). These modifications have direct effects on the 
composition, structure, and abundance of riparian vegetation, which can result in inadvertent 
modification of riparian vegetation (Merritt et al., 2010).  Plants retained on managed land 
are usually those with a specific purpose (Schmidt et al., 2019). For example, trees are often 
kept for shade, timber, or firewood (Schmidt et al., 2019). Many countries see an increase in 
the planting of exotic species as they are generally deemed to better serve the intended 
purpose (Schmidt et al., 2019). However, this can result in the loss of biodiversity (Schmidt 
et al., 2019). Increasing populations across the globe are putting increased pressure on the 
existing cleared land and in turn are putting remnants at risk of further degradation and 
clearance (Schmidt et al., 2019). 
1.2 Forest clearance 
Approximately 230 million ha of forest were lost globally between 2000 and 2012 (Hansen 
et al., 2013). The highest portion of this loss occurred in the tropics (Hansen et al., 2013) 
where approximately 195 million ha of tropical forests were cleared between 1990 and 2015 
(Keenan et al., 2015). Forest loss has also been significant in non-tropical biomes (Bradshaw, 
Warkentin & Sodhi, 2009; Echeverría et al., 2006). Boreal forests account for approximately 
one third of the forests on earth (Ruckstuhl et al., 2008). Forest loss on boreal forests has 
previously been linked with natural events such as fires, due to limited human population 
size in boreal zones (Soja et al., 2007). Increasing human population has led to an increased 
demand for resources such as timber and minerals in boreal zones (Smith & Lee, 2000). 
These increases have led to an increased risk of clearance for boreal forests (Bradshaw et al., 
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2009). The increasing human population and changing climate has led to increases in the 
frequency of fires, which has also led to increased losses of boreal forests (Mollicone et al., 
2006). Increased fires, rapid urban development, and logging are some examples of the 
threats to boreal forests that have resulted in increased forest fragmentation (Bradshaw et al., 
2009). Approximately 44 % of the remaining boreal forest extent is intact or ecologically 
contiguous (Bradshaw et al., 2009). It has been suggested that boreal forests could wind up 
as threatened as tropical forests (Bradshaw et al., 2009). Forest clearance is also a threat for 
temperate forests (Echeverría et al., 2006). Approximately half of the temperate forests in 
the southern hemisphere occur in Chile (Donoso, 1993). Temperate forests cover 
approximately 13.4 million ha of the country (Conaf et al., 1999) and have been described 
as biodiversity hotspots (Myers et al., 2000). A major threat to temperate forests in Chile is 
the expansion of commercial plantations, which have been largely responsible for the loss of 
67 % of temperate forests in Chile between 1975 and 2000 (Echeverría et al., 2006). 
Extensive forest clearance poses significant threats to biodiversity and ecosystem services, 
such as increased carbon emissions (Cushman et al., 2017).   
Forest loss and clearance is usually associated with land use changes, particularly conversion 
of land for agriculture and urban development (Thorn et al., 2016). As the global population 
continues to increase, many regions are noticing an increase in the conversion of forest for 
urban development compared to agriculture (Thorn et al., 2016). Forest loss to urban 
development is deemed to be particularly problematic as the associated infrastructure is 
permanent (Thorn et al., 2016). Over time, the continual improvement of technology and the 
associated economic viability of farming more marginal land areas is leading to further loss 
of natural forests (Monks et al., 2019). Sites that previously would not have been selected 
for clearance, such as those on marginal or steep land and sites that are cold or dry, have 
shown an increased clearance probability over time (Monks et al., 2019). 
In pre-human times the New Zealand land mass was dominated by forests (McGlone, 1989) 
with approximately 96 % of the North Island, and 72 % of the South Island likely being 
covered in native forest (Leathwick, McGlone & Walker, 2004). During the time of 
Polynesian settlement, human-induced fires as well as natural climatic and volcanic events 
reduced the forest cover from 82 % to 68 % of the total land area (McGlone, 1989; McWethy 
et al., 2014). During the time of European settlement, plant and animal introductions and 
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conversion to pasture resulted in further forest loss down to 23 % of the total land area 
(Wardle, 1991; Fleet, 1986). Initially, clearance was limited to the flatter, fertile and warmer 
lowland (MacLeod & Moller, 2006). However, increasing population size and land clearance 
subsidies resulted in the majority of shallow-sloped and low-elevation hill country being 
cleared for agriculture and development (MacLeod & Moller, 2006). Over time, 
approximately seven million ha each of native forest has been lost from the North and South 
Islands of New Zealand (Ewers et al., 2006). The non-random process of forest clearance has 
led to large areas on the East Coast of the South Island, and the low-lying areas of the North 
Island being cleared of native forest (Ewers et al., 2006). The North Island has experienced 
a greater degree of fragmentation, with the average forest area being approximately five times 
smaller than that of the South Island (Ewers et al., 2006).  
In recent times, clearance of native forest in New Zealand has not ceased (Monks et al., 
2019), with approximately 16,000 ha of native forest being cleared between 1996 and 2012 
(MfE & Stats NZ, 2018). Historicaly, some districts have experienced more than 90 % of the 
native forest being cleared (Ewers et al., 2006). Much of the native forest clearance has been 
due to the conversion of land for other uses such as plantation forestry, particularly in the 
North Island, urban development and the building of infrastructure, as well as horticulture 
and agriculture (Ewers et al., 2006). However, public, private and community-led efforts 
such as 32 % of the total land area being protected by the Department of Conservation (MfE 
& Stats NZ, 2018), the QEII National Trust and Nga Whenua Rāhui covenants have resulted 
in a number of remaining remnants being protected from further clearance (Monks et al., 
2019). Unfortunately, significant gaps in protection do exist as the land managed by the 
Department of Conservation is mostly high elevation steeplands which are unsuited to 
farming (Cieraad et al., 2015) and not all private landowners are protecting remnants on their 
land (Monks et al., 2019). Due to the agriculturally productive nature of alluvial soils, native 
riparian forests have been particularly depleted (Miller, 2002).  
1.2.1 Risk of future clearance 
1.2.1.1 Site characteristics  
One site characteristic that has been demonstrated to be associated with forest clearance is 
slope (Monks et al., 2019; Echeverría et al., 2007). By plotting the probability of clearance 
 
 
 6  
 
per year against slope, Monks et al. (2019) were able to identify the trends in forest loss 
associated with slope for recommended areas for protection (RAPs) in New Zealand. These 
plots gave a line gradient of -1.01, -0.60, and 0.03 for the time periods 1989 to 2001, 2001 to 
2008, and 2008 to 2015, respectively, demonstrated that over time the probability of forests 
on steeper land to be cleared increased (Monks et al., 2019). Through the use of multiple 
logistic regression models, Echeverría et al. (2007) were able to demonstrate the effect that 
slope had on the probability of forest clearance at a number of sites including two temperate 
forest sites in Chile. Multiple logistic regression gave a coefficient of -0.03 with a p value of 
<0.01 at Rio Maule-Cobquecura, between 1900 and 2000, and at Los Muermos-Ancud, a 
coefficient of -0.05 with a p value of <0.01 between 1976 and 1985, and a coefficient of -
5.72x10 -2 with a p value <0.01 (Echeverría et al., 2007), indicating that clearance was more 
likely to occur on shallow slopes compared to steep slopes (Echeverría et al., 2007), at least 
initially. 
1.2.1.2 Urban development 
Past studies have demonstrated that road density is a significant explanatory variable for 
forest loss and fragmentation in New Zealand (Ewers et al., 2006). Of the 13 variables 
measured, road density was the most important for cumulative forest loss and forest 
fragmentation (Ewers et al., 2006). Multiple linear regression gave a r value of 312.58 and a 
p value of <0.01, and a randomisation test gave a F value of 34.87 and a p value of <0.01, 
indicating that historic forest loss was largely related to increases in road density (Ewers et 
al., 2006). Multiple linear regression gave a r value of 321.16 and a p value of <0.01, and a 
randomisation test gave a F value of 39.32 and a p value of <0.01, indicating that low road 
densities are associated with increased forest fragmentation (Ewers et al., 2006). In 2019 
Monks et al. assessed predictors of forest loss in areas of high ecological value that had no 
legal protection (RAPs) at the time of the study. By plotting the probability of clearance per 
year against road density, Monks et al. (2019) were able to identify trends in the probability 
of clearance for different time periods. The trends identified were relatively weak (Monks et 
al., 2019). Between 1989 and 2001, a line gradient of -0.15 indicated that the probability of 
forest clearance in areas with a low road density was higher than the probability of clearance 
in areas with a high road density (Monks et al., 2019). Between 2001 and 1008, a line gradient 
of 0.14 indicated that the opposite trend to the previous time period occurred (Monks et al., 
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2019). The same trend occurred between 2008 and 2015, with a line gradient of 0.27 (Monks 
et al., 2019). These relatively weak trends indicate that road density was not a significant 
predictor of forest clearance within RAPs (Monks et al., 2019). Ewers et al., (2006) 
recognised that road density does not exclusively predict forest clearance. A number of 
locations within the study showed low road density with high amounts of forest clearance, 
indicating that a number of variables must be assessed to predict the risk of forest clearance 
(Ewers et al., 2006).  
Past studies have demonstrated a correlation between road density and population density 
(Ewers et al., 2006). In 2016, Thorn et al. used boosted regression tree models to assess 
which variables are the most important for forest loss to urban development in New England 
temperate forests. Of the 15 variables included in the boosted regression tree models, 
population density had the highest relative influence of 30 % (Thorn et al., 2016). This was 
considerably higher than the influence of slope and elevation which both had a relative 
influence of <5 % (Thorn et al., 2016). The probability of forest clearance and conversion 
for urban development increased rapidly from 0 % to 2 % between a population density of 0 
per km² and 600 per km² before decreasing (Thorn et al., 2016). If population density and 
road density are correlates, then sites with a low road density and therefore low population 
density, would be at a lower risk of forest clearance compared to sites with a high road density 
and therefore high population density.  
1.2.1.3 Surrounding land use 
Past studies have demonstrated that the surrounding land use can be an important predictor 
of forest loss (Ewers et al., 2006, Monks et al., 2019).  
Monks et al (2019) assessed the probability of forest clearance in RAPs due to the 
surrounding land use. Land use was plotted against the annual probability of clearance and 
the slope was analysed to determine the likelihood of forest clearance. For dairy farming the 
plots gave a line gradient of -0.14, 0.05, and 0.24 for the time periods 1989 to 2002, 2002 to 
2008, and 2008 to 2015, respectively (Monks et al., 2019). The results indicated that over 
time the probability of forest clearance in areas surrounded by dairy farming increased 
(Monks et al., 2019). By the 2008 to 2015 time period, clearance was more likely to occur in 
areas with dairy farming compared to those without (Monks et al., 2019). Areas surrounded 
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by cropping and horticulture were not associated with forest clearance (Monks et al., 2019), 
as demonstrated by a line gradient of -0.30, -0.13, and -0.11 for the three time periods 
measured (Monks et al., 2019). For plantation forestry the plots gave a line gradient of 0.38, 
-0.1, and -0.36 for the time periods, 1989 to 2001, 2001 to 2008, and 2008 to 2015, 
respectively (Monks et al., 2019).  The results indicated that for the time periods 1989 to 
2001 and 2001 to 2008, RAPs surrounded by plantation forestry were more likely to be 
cleared than those not surrounded by plantation forestry (Monks et al., 2019). These 
plantation forestry results are supported by the Ewers et al. (2006) study. Increases in exotic 
forest cover were largely due to conversion of land to plantation forestry in the Ewers et al. 
(2006) study. Changes in exotic forest cover was the most important predictor of forest 
clearance in New Zealand between 1997 to 2002 (Ewers et al., 2006). Multiple linear 
regression gave a r value of 28.05 and a p value of <0.01, and a randomization test gave a F 
value of 15.06 and a p value of <0.001, indicating that increases in exotic forest cover was 
the most important explanatory variable for forest loss between 1997 and 2002 (Ewers et al., 
2006). As Monks et al., (2019) demonstrated, the probability of forest clearance in areas 
surrounded by plantation forestry decreased in recent times.  
1.3 Ecological restoration 
Ecological restoration is ‘the process of assisting the recovery of an ecosystem that has been 
degraded, damaged, or destroyed’ (SER, 2004). Ecological restoration involves economical, 
ecological, social, political, and legislative aspects and aims to conserve ecosystems and 
biodiversity, as well as renewable and non-renewable resources (Andel & Aronson, 2012). 
Restoration ecology is the field that aims to develop concepts and theories that feed into 
successful ecological restoration projects. Modern restoration efforts are aimed at restoring 
whole ecosystems, as ecosystems are complex, and the results are usually long term. 
Restoration ecology is often inter- and transdisciplinary and can involve geomorphology, 
hydrology, physics, chemistry, organism physiology, genetics, and other fields of ecology 
such as landscape ecology and community ecology (Andel & Aronson, 2012). Personal, 
cultural, ecological, and socio-economic values are often incorporated into restoration 
projects (Clewell et al., 2013). The range of fields or disciplines, and values associated with 
restoration projects results in a range of people being involved (Clewell et al., 2013). Such 
people may include a range of scientists, policymakers, land managers, and the general public 
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(Clewell et al., 2013). Restoration projects usually follow a number of stages including 
planning and design, implementation, monitoring, and maintenance stages (Clewell et al., 
2013). Successful restoration projects will achieve the protection of biodiversity, 
improvement of human health and wellbeing, and provide resilience to climate change 
(Clewell et al., 2013). 
The society for ecological restoration has put forward eight principles of ecological 
restoration (Clewell et al., 2013). Stakeholder engagement, knowledge from a range of fields, 
the use of appropriate reference ecosystems, the enhancement of natural ecosystem recovery 
processes, clear goals, objectives, and measurable indicators, making the highest level of 
recovery the target, cumulative gains in ecological value, and a continuum of restoration 
activities are all part of successful restoration projects (Clewell et al., 2013). A restored site 
will contain species native to the area that represent all of the known functional groups, the 
ecological reference used, and are appropriate for the specific site (Clewell et al., 2013). 
Species within a restored ecosystem will be sufficiently abundant and distributed across the 
site and will be sufficiently supported by the abiotic environment (Clewell et al., 2013). 
Ideally, a restored site will be integrated into the surrounding ecological landscape or be in 
close proximity to other restoration projects (Clewell et al., 2013). Restored sites should also 
have ecological functionality, ecological complexity, be self-sustaining and be resilient to 
disturbance (Clewell et al., 2013). 
Species composition is an important aspect of ecological restoration (Clewell et al., 2013). 
As mentioned above, representation of all known functional groups is important to ensure 
that a restored site will be able to function properly and be self-sustaining (Clewell et al., 
2013; Lavorel et al., 1997; Gondard et al., 2003; Rosenfeld, 2002). Decomposition, carbon 
fixation, and nitrogen sequestration are examples of some of the functional roles required for 
a healthy, functioning ecosystem (Clewell et al., 2013; Lavorel et al. 1997; Gondard et al. 
2003; Rosenfeld 2002). Plant species composition is important for ecological restoration as 
plants are the primary producers of the system, consequently governing the attributes of the 
ecosystem (Clewell et al., 2013). In a restoration project, the species composition should be 
based on what was present at the site prior to disturbance, with an intact example being used 
as a reference (Clewell et al., 2013). As environmental conditions change over time, 
flexibility must be taken into consideration, and some species may need to be substituted for 
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those better adapted to the new conditions, to ensure optimal functionality (Clewell et al., 
2013). Animal species composition and the representation of functional roles that animals 
play within an ecosystem are also important for ecological restoration (Clewell et al., 2013). 
However, natural, and spontaneous reintroductions may not occur (Clewell et al., 2013). In 
these instances, captive breeding programmes and translocations may be required as part of 
a restoration project (Clewell et al., 2013). 
Community structure is another important aspect of ecological restoration as it describes the 
3-dimensional components of a community (Clewell et al., 2013). Community structure is 
affected by the species composition, as well as the abundance and distribution of the species 
within a site (Clewell et al., 2013). Greater structure allows for more interactions between 
organisms and allows for more ecological processes to take place (Clewell et al., 2013). In 
restoration projects most of the structure is developed over time as growth continues and 
demographic and successional processes occur (Clewell et al., 2013; Forbes et al., 2020). To 
speed up the process of structural development and succession, certain species may be 
removed or introduced to the restoration site as the presence of particular species allows for 
the presence of other species and vice versa (Clewell et al., 2013; Forbes et al., 2020).  
1.3.1 Barriers to restoration 
A number of factors may limit or, in extreme cases, prevent restoration of riparian vegetation 
(Schmidt et al., 2019). One of the key limiting factors is society’s competition for land (Meli 
et al., 2019). In particular, agriculture requires significant areas of land, reducing the space 
available for riparian vegetation and restoration projects (Meli et al., 2019). Human 
preferences may limit the location, patch size, and species planted for restoration projects 
(Schmidt et al., 2019). Low diversity of plants within remnants or planting efforts may lead 
to long-term resilience issues (Buchanan et al., 2020). It has been demonstrated that stands 
with low diversity have a higher risk of invasions due to decreased competition (Cramer et 
al., 2008). Stands with low diversity have also been shown to have low resilience to 
disturbances, potentially affecting the long-term viability of the stand (Buchanan et al., 
2020). Low diversity and structure also inhibit the ability of riparian vegetation to sequester 
carbon, affecting the ecosystem as a whole (Meli et al., 2019). Other factors such as the soil 
type and quality as well as the level of the water table may also affect the species that can 
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survive at the restoration site (Schmidt et al., 2019). Soil types, water tables, and human 
preferences are a few examples of some of the barriers that may prevent the protection and 
restoration of riparian forests (Schmidt et al., 2019).  Social issues, such as landowner 
participation and engagement, a breakdown of communication between parties involved, 
legislation, or lack thereof, monitoring or lack thereof, and funding may also limit the success 
of restoration projects (Viani et al., 2019). Other limiting factors include the relatively limited 
set of theories and principles within the field of restoration ecology, a lack of historical data, 
a lack of reference sites, and the introduction or extinction of key species or the attainment 
of alternative stable states that cannot be reversed (Halle & Fattorini, 2004; SER, 2004; 
Beisner et al., 2003). 
1.4 Study region 
The Hawke’s Bay region is located on the east coast of the North Island and covers 
approximately 1.42 million ha (Hawke’s Bay Regional Council, n.d.). Hawke’s Bay Regional 
Council is the regional authority. Within the region there are four local councils: the Wairoa 
District, Hastings District, Central Hawke’s Bay District, and Napier City. Approximately 
150, 000 people live in the region’s two main cities, Napier, and Hastings, as well as several 
small towns such as Wairoa, Waipawa and Waipukurau, and many small settlements spread 
across the region (Hawke’s Bay Regional Council, n.d.). 
1.4.1 Climate  
The Hawke’s Bay region typically experiences warm, dry summers and cool, wet winters 
with the occasional frost and snow (Chappel, n.d.). While the region overall is one of the 
driest in the North Island, rainfall is highly variable (Chappel, n.d.). The variance in annual 
rainfall is governed by elevation and exposure the predominant wind direction (Chappel, 
n.d.). In general, higher elevations and areas further inland experience higher rainfall and 
colder temperatures compared to the plains (Reed & Ide, 2012). Coastal areas, particularly 
to the south, are typically warm to hot, dry, and windy. The region is flood and drought prone 
(Reed & Ide, 2012).  
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1.4.2 Physiography and geology 
The Hawke’s Bay region is comprised of mountain ranges, hill country, lowland zones, 
plains, shorelines, and freshwater features such as lakes, swamps, and rivers (Grant, 1996). 
The 350 km of coastline is diverse (Hawke’s Bay Regional Council, n.d.). Coastal features 
in the area include estuaries, such as the Ahuriri Estuary, two peninsulas, including Cape 
Kidnappers to the south, and a small number of islands, including Bare Island, also to the 
south (Reed & Ide, 2012). Mountain ranges occur in the north and west, productive plains 
and hill country occur elsewhere (Hawke’s Bay Regional Council, n.d.). Seven major rivers 
flow across the region including the Wairoa, Mohaka, Esk, Ngaruroro, Tutaekuri, Tukituki 
and Waipawa Rivers (Hawke’s Bay Regional Council, n.d.). 
The hill country is dominated by soft sediments and is erosion prone. Higher hill country and 
steep lands are also erosion prone but are dominated by hard greywacke or argillite and often 
underneath a volcanic, loess or ash overlay (Reed & Ide, 2012). The plains are typically 
dominated by alluvial sediments which are usually poor draining with high fertility, 
compared to the pumice flatlands in the north which are faster draining with low fertility 
(Reed & Ide, 2012). 
1.4.3 Soils 
Across the region, soil types generally differ according to topography (Reed & Ide, 2012). 
Hill country is usually dominated by soft sediments such as sandstone, siltstone, mudstone, 
or limestone. Higher hill country and steep lands are often dominated by greywacke or 
argillite, with some locations having a volcanic, loess, or ash overlay. Alluvial soils and 
sediments dominate valleys, plains, and terraces (Reed & Ide, 2012). 
1.4.4 Land use  
Land use across the Hawke’s Bay region is largely determined by slope and fertility (Reed 
& Ide, 2012). Marginal land is usually dominated by plantation forestry. Hill country is often 
dominated by extensive sheep and beef farming, and the fertile lowlands are often used for 
intensive horticulture and viticulture. Other farming uses include dairy farming which is 
common in discrete areas, and deer farming which is less common (Reed & Ide, 2012). The 
region’s economy is largely driven by farming, horticulture, wineries, and tourism (Hawke’s 
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Bay Regional Council, n.d.). The region contains a number of conservation areas, such as Te 
Urewera National Park as well as significant areas of native forest as seen in the Mohaka 
catchment where approximately 50 % of the land is covered in native forest (Reed & Ide, 
2012). Areas for recreation are common, such as the sandy beaches to the south. The 
remaining land is used for infrastructure, with a number of villages, towns, and cities 
occupying the region (Reed & Ide, 2012). 
1.4.5 Ecology 
The ecological value of the terrestrial areas within the Hawke’s Bay is variable (Reed & Ide, 
2012). Some areas are dominated by commercial land uses with little to no native forest 
cover. There are some areas containing isolated patches of native forest, and other areas, 
usually those found further inland from the coast, have extensive native forest such as 
Boundary Stream and the Kaweka and Ruahine Ranges. In terms of pest animals, significant 
possum control occurs in some regions and deer hunting is a popular activity in the ranges 
(Reed & Ide, 2012). 
The ecological values of the freshwater systems within the region are also variable (Reed & 
Ide, 2012) with the region supporting productive trout, whitebait, and eel fisheries. Many 
freshwater systems are home to threatened native fish such as the longfin eel and the koaro, 
while others are quite degraded and of low ecological value. Run-off from urban areas has 
led to the degradation of many urban streams, leaving them with a lower value compared to 
rural streams. The Waitangi wetland is one example of a significant freshwater system in the 
region (Reed & Ide, 2012).  
On the coast, areas of ecological significance include the Porangahou estuary, the Cape 
Kidnappers Gannet Reserve, Te Angiangi Marine Reserve, and the sand dunes at Ocean 
Beach (Reed & Ide, 2012). 
1.4.6 Forest extent and modification 
In 1280 AD, it is likely that 94-98 % or 1.69 million ha (Ewers et al., 2006) of the Hawke’s 
Bay region was covered in native forest (Grant, 1996). By 1990, only 18 % of the land was 
covered in forest, 17 % of this in the mountain areas and 1 % in lowland areas. Of the 
remaining 82 % of non-native forest, 76 % had been converted to either pasture or exotic 
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forest. By 2002 only 17 % of the land area in the region was covered in native forest with 
16 % covered in plantation forestry, and 11 % protected by the Department of Conservation 
(Ewers et al., 2006).  Evidence-based theories have been put forward to try and explain the 
key drivers of forest loss in the region (Grant, 1996). 
Radiocarbon dating has indicated that the burning of Hawke’s Bay forests occurred during 
Polynesian times (Molloy et al., 1963). Based on this evidence, the theory that the fires were 
intentionally started by Polynesians was put forward and widely accepted (Molloy et al., 
1963; Grant, 1996). Since then, more research has led to another theory being put forward. 
In 1996, Grant put forward his theory that forest loss in the Hawke’s Bay was in fact due to 
natural events, with human interference only playing a minor role.  
Grant (1996) suggested that a continual cycle of extreme gales followed by severe fires and 
then sedimentation, all in quick succession and repeated over a long period of time, had been 
the key drivers of forest loss in the Hawke’s Bay region. Evidence that led to this theory 
included charred wood found in older alluvium, indicating that burning had occurred prior to 
sedimentation, as well as cavities found in older felled trees. It is likely that human activities 
such as intentional fires, the introductions of exotic animals and plants, and the clearance of 
land for a range of land uses, by both Maori and Europeans, exacerbated the forest loss 
originally caused by catastrophic climatic events (Grant, 1996). 
1.5 Study site descriptions 
1.5.1 Ngaruroro River  
The Hawke’s Bay is home to the braided Ngaruroro River, pictured in Figure 1.1, whose 
headwaters are located in the Kaimanawa Range (Parrish, 1988). Greywacke gorges confine 
the upper portion of the Ngaruroro River, before the riverbed widens out to approximately 1 
km at the widest span. The river flows across the Heretaunga Plains before flowing into the 
Waitangi Estuary alongside the Tutaekuri and Clive Rivers. In the late 1960s the lower 
portion of the Ngaruroro River was diverted and is now confined by stopbanks (Parrish, 
1988). Commercial and recreational uses of the river include gravel extraction, fishing, and 
a range of motorsports (Forbes, 2011).  
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A range of habitats are supported by the Ngaruroro including wetlands, forests, an estuary, 
and a gravel beach (Forbes, 2011). These habitats in turn support a range of native species 
such as Botaurus poiciloptilus, Charadrius bicintus (Parrish 1988), Galaxias brevipinnis, and 
Anguilla dieffenbachia (Forbes, 2011). Also supported are a range of introduced pest species 
such as Rattus rattus and Mustela erminea. Alongside animal species, the Ngaruroro River 
supports a range of plant species, including M. ramiflorus, Myoporum laetum, Sophora 
teptraptera, and Alectryon excelsus (Forbes 2011). The upper portion of the river is 
dominated by native vegetation, while the lower portion is dominated by exotic species and 
has a higher level of stock access to the water’s edge (Hashiba, 2014). Exotic species such 
as Salix spp. and Populus spp. can be found along the stopbanks (Parrish, 1988). In pre-
human times, it is likely that the Ngaruroro River was dominated by Dacrycarpus 
dacrydioides, Podocarpus totara, Prumnopitys taxifolia forest on the floodplains, 
particularly in the middle and lower reaches, and to a lesser extent, P. totara, Alectryon 
excelsus forest, particularly in the upper regions (Singers, 2017).  
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Figure 1.1: Braided section of the Ngaruroro River near Whanawhana. Image taken in the 
December of 2019. 
1.5.2 Tutaekuri River 
The braided, torrent, gorge-confined and meandering portions of the Tutaekuri River (Figure 
1.2) start in the Kaweka Range and cross the Heretaunga Plains before flowing into the 
Waitangi Estuary (Parrish, 1988). The upper portion of the river is confined by cliffs, the 
middle portion is confined by dense Salix spp., and the lower portion is confined by 
stopbanks. Much like the Ngaruroro River, the flow of the Tutaekuri was diverted from its 
original path. Prior to the 1931 Napier earthquake, the Tutaekuri flowed into the Ahuriri 
lagoon, further north from the Waitangi Estuary (Parrish, 1988). Commercial and 
recreational uses of the river include gravel extraction, whitebaiting, motorsports, and 
kayaking (Forbes & Whitesell, 2015).  
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Many habitat types are supported by the Tutaekuri River: grasslands, forests, gravel bed, and 
gravel beach (Forbes & Whitesell, 2015). These habitat types support a range of species such 
as Porzana tabuensis, Himantopushimantopus, Rhombosolea retiarii, and Galaxias 
maculatus. Plant species include Kunzea robusta, Cordyline australis, Pseudopanax 
arboreus, C. robusta, and exotic species such as Populus spp. and Salix spp. (Forbes & 
Whitesell, 2015). The upper portion of the river is predominately native vegetation with low 
stock access, while the lower portion is predominately exotic forest, with relatively low stock 
access (Hashiba, 2014). In pre-human times, it is likely that the Tutaekuri River was 
dominated by D. dacrydioides, P. totara, Prumnopitys taxifolia forest in the mid to lower 
reaches and P. totara, A. excelsus forest in the mid to upper reaches (Singers, 2017).  
 
Figure 1.2: Tutaekuri River near Waiwhare. Image taken in February of 2020. 
1.5.3 Tukituki River 
Starting in the Ruahine Range and flowing across the Ruataniwha and Heretaunga Plains are 
the torrent, meandering, and braided portions of the Tukituki River (Figure 1.3) Parrish, 
1988). The Tukituki and Waipawa Rivers join just below Waipukurau, where they form a 
single channel river. Located in Haumoana is the river mouth, which forms a smaller estuary 
zone compared to the Waitangi Estuary. River control works have converted a large portion 
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of the river from braided to meandering, and stopbanks have been put in place across the 
Ruataniwha Plains (Parrish, 1988). Other human activities include gravel extraction, beach 
raking, whitebaiting, and swimming (Forbes et al., 2011).  
Boulderfields, gravel beach, gravel bed and an estuary are a few of the habitat types supported 
by the river (Forbes et al. 2011). These habitat types in turn support a range of species such 
as Thinornis novaeseelandiae, Bowdleria punctate, Geotria australis, and Galaxias fasciatus 
(Walls 2005). Introduced species include Cervus elaphus and Felis catus (Forbes et al., 
2011). Native trees include A. excelsus, D. dacrydioides, and Beilschmiedia tawa. Exotic 
trees such as Salix spp. and Populus spp. have been planted along the river (Forbes et al., 
2011). The riparian vegetation along the Tukituki River is variable (Hashiba, 2014a) with the 
upper portion being dominated by native vegetation, largely due to the high altitude and areas 
of conservation land. Further downstream sees a shift to a dominance of exotic species, 
largely due to plantation forestry (Hashiba, 2014a). Before the arrival of humans, it is likely 
that the Tukituki River margins would have been dominated by D. dacrydioides, P. totara, 
P. taxifolia forest and P. totara, A. excelsus subsp. excelsus forest with patches of D. 
dacrydioides forest in the upper reaches (Singers, 2017).  
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Figure 1.3: Tukituki River near Ashley Clinton. Image taken in January of 2020. 
1.6 Regression tree models  
Regression trees are useful for the descriptive and predictive modelling of the relationship 
between a given continuous response variable and at least one explanatory variable (Breiman 
et al., 1984; De’ath & Fabricius, 2000). Benefits of regression trees are their ability to deal 
with missing values, a range of variable types such as numeric or categorical variables, and 
non-linear relationships Each tree contains a root, which contains all of the observations or 
data. From the root, the data is split into two branches. Each subsequent split is called a node. 
The terminal node is called a leaf. The splitting process is designed to minimise the residual 
sums of squares and create more homogenous groups with each split. When a node is strongly 
homogenous, no further splits are made, and the node becomes a leaf (Breiman et al., 1984; 
De’ath & Fabricius, 2000).  Figure 1.4 is an example of a regression tree where only one split 
was made. The root contained 100 % of the data, and the predicted mean of the response 
variable was 3.30 units. From here, the data was split where the explanatory variable (X), 
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was >47 units or <47 units. Twenty-nine percent of the data had a X value <47 units, and the 
predicted mean for the response variable was 1.80 units. Seventy-one percent of the data had 




Figure 1.4: Example of a single regression tree model showing the percentage of the data and 
the predicted response variable value at the root and leaves. The explanatory variable is 
represented by X. Produced in RStudio (version 3.6.3) using the rpart (version 4. 1-15; 
Therneau, Atkinson & Ripley, 2019), and rpart.plot (version 3.0.8; Milborrow, 2019) 
packages. 
Various methods of pruning and tuning can be used in order to reduce the size of the trees 
(Breiman et al., 1984; De’ath & Fabricius, 2000). This is usually a compromise between 
reducing the number of nodes and the explained variance of the response variable (Breiman 
et al., 1984; De’ath & Fabricius, 2000). Regression tree models are often used in machine 
learning where methods such as bootstrap aggregation (bagging) can be used to further 
improve the predictive power and robustness of the models (Dietterich, 2000). An ensemble 
of trees is created in the bagging process in order to improve the model performance 
(Dietterich, 2000). In bagging, bootstrap copies of the training data set are created and then 
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are then averaged to create the final model (Breiman, 1996). Many trees are bagged in the 
bagging process. The specific number is dependent on the variance and number of strong 
predictors within a data set (Breiman, 1996). Usually, 50-500 trees are sufficient for optimal 
model performance (Breiman, 1996). Bagging is particularly useful for improving the 
prediction accuracy of high variance models; however, the method does have limitations 
(Breiman, 1996). Tree correlation is a result of the trees produced in the bagging process not 
being independent of one another (Breiman, 1996). Such trees from different bootstrap 
samples usually have a similar structure as all of the features are considered at each split 
(Breiman, 1996). Unfortunately, the bagging process renders regression trees uninterpretable 
(Dietterich, 2000). Alternative was of interpreting the features of the models such as variable 
importance and response curves must be used in place of dendrograms (Dietterich, 2000). 
1.7 Research objectives, aims and hypotheses 
There are two main objectives for this research. The first objective is to quantify the current 
structure and composition of riparian forest remnants along the Ngaruroro, Tutaekuri, and 
Tukituki Rivers in the Hawke’s Bay region. This objective will be achieved through the 
collection of empirical data from vegetation surveys and forest health assessments with 
supporting data from bird counts and visual soils assessments. The second objective is to 
determine which explanatory variables are the most important for explaining the structure, 
composition, and ecological health of the remnants. This objective will be achieved through 
the use of bagged regression tree models. It is predicted that proximity to the river, road 
density, adjacent land use, annual rainfall, topsoil depth, slope direction and steepness will 
be the most important explanatory variables for the community structure, species 
composition and restoration potential of the sites surveyed.  
With the knowledge of the relative strengths of explanatory variables, recommendations for 
management are made regarding where restoration potential lies and the types of restoration 
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1.8 Thesis structure 
This thesis is structured according to the four chapters outlined below.  
Chapter one: Introduction 
This chapter provides background information on riparian vegetation, including the modification 
of riparian vegetation, and ecological restoration, including the barriers to restoration. Included in 
this chapter is also a broad description of the study region including the climate, physiology, 
geology, soils, land use and ecology. This chapter also identifies and describes the rivers used in 
the research. Research aims and objectives are also covered in Chapter One.  
Chapter Two: Materials and methods 
This chapter outlines the materials and methods used for data collection (fieldwork) and statistical 
analysis of these data. Included in this chapter are descriptions of the vegetation, site 
characteristics, forest health, soil, and presence-of-bird surveys. Also included is a description of 
the site selection process and statistical analyses used.  
Chapter Three: Results 
This Chapter presents the results obtained during the fieldwork and statistical components of this 
research. Included in chapter three are descriptions of the site characteristics, forest health, soils, 
presence of birds and plant species. Results from the statistical analyses are also included in chapter 
three.  
Chapter Four: Discussion  
This chapter discusses the results from the fieldwork and statistical analyses. In particular, chapter 
four explores the restoration potential and needs of the sites surveyed, and the implications of the 
results for restoration management. A summary of the research and key findings are also included 





2 Chapter Two  
Methods 
The Hawke’s Bay region was selected for this research due to the significant amount of 
vegetation clearance and land conversion, as well as the ecologically significant rivers 
present in the region. Vegetation, site characteristics, forest health, soils, and the presence 
of birds were assessed at 11 sites selected for the research. The site selection process, 
field methods and statistical analysis methods are outlined below.  
2.1 Site selection 
Forest remnants were selected based on nine selection criteria outlined in Table 2.1. The 
selection criteria represented variables likely to affect the composition, structure, and 
ecological health of the remnants. The remnants were selected to demonstrate the possible 
range of each criterion.  
The present study was focused on native riparian forest remnants, meaning all sites were 
required to have a dominance of native species. All sites were required to have a minimum 
size of 0.25 ha, to ensure that there was enough space within the site for sampling. Sites 
were also required to be within 500 m of the water’s edge, to ensure that each site was 
within the riparian zone.  
The total length of all roads and highways within 10 km² of each remnant (road density) 
was included in the selection criteria to act as a surrogate for urban development. 
Remnants selected, had road densities ranging from low to high in order to demonstrate 
the effects of urban development on the remnants. Variables likely to have an effect on 
the distribution of plant species such as annual rainfall, depth of the topsoil, aspect, and 
slope were included to determine the effects of species preferences and requirements. 





Table 2.1: Criteria used for site selection. 
Criteria Units Description 
Native forest  Forest patch comprised of predominately native species   
      Size  ha >0.25 ha 
Proximity to 
river  
m Part of remnant is within 500 m of wetted river edge 
Road Density  km² Low (<0.5 km²), Medium-Low (0.5-1.0 km²), High-Medium (1-
1.5 km²), High (>1.5 km²) 
Adjacent land 
use  
 Dairy Farming, Farming non-dairy, Plantation Forestry, 
Recreation 
Annual rainfall  mm Low (<650 mm), Medium-Low (650-850 mm), High-Medium 
(850-1050 mm), High (>1050 mm) 
Topsoil Depth cm Very Shallow (<20 cm), Shallow (20-45 cm), Moderately Deep 
(45-100 cm), Deep (>100 cm) 
Aspect ° N (316-45°), S (136-225°), E (46-135°), W (226-315°) 
Slope ° Undulating (0-9°), Rolling (10-19°), Steep (20-29°), Very steep 
(>30°) 
 
The desktop application QGIS (version 3.4.14) (QGIS.org, 2019) was used in the remnant 
selection process. Layers for the presence of native forest, New Zealand roads, land use, 
annual rainfall, and soil depth were obtained from the Koordinates website 
(https://koordinates.com/). To measure road density, a square of approximately 10 km² 
was drawn around each plot, with the centre of the remnant and the square lining up. 
Within the square, the total length of all roads and highways was measured in km. The 
total length of roads was then multiplied by the area of the square to give the road density. 
This process was repeated for each remnant. A list of the layers used are outlined in Table 
2.2. below. Once obtained, layers were imported into QGIS (version 3.4.14) and laid on 
top of one another; remnants that fit the selection criteria were then assessed for aspect 
and slope on the OurEnvironment website (https://ourenvironment.scinfo.org.nz/). Each 
remnant was given a code for easy identification. Each code indicated which river the 
remnant was associated with, NG for Ngaruroro, TK for Tutaekuri, TT for Tukituki, and 
MK for Makaretu, as well as a unique number for easy identification. Two spare sites 
each for the Ngaruroro, Tutaekuri, and Tukituki Rivers were identified in case the site 





Table 2.2: GIS layers used in the site selection process. 
Name  Date Created by Description 
NZ native polygons 
(Topo, 1:50k) 
21/10/2019 LINZ Patches of indigenous forest 
patches as of October 2019 
NZ roads: road 
section geometry  
17/12/2019 LINZ Map of New Zealand roads as of 
December 2019 
LUCAS NZ Land 
Use Map 1990 2008 
2012 2016 v006 
21/10/2019 Ministry for the 
Environment 
Land use as of October 2019 
Average annual 
rainfall, 2016 
18/10/2017 Ministry for the 
Environment 
Average annual rainfall depth in 
mm for 2016 
Smap Soil depth 
august 2018 
23/08/2018 Smap  Soil depth in cm for august 2018 
 
The site selection process identified 26 possible sites that were field checked to ensure 
that they met the selection criteria and that access to the sites was possible. A number of 
the sites either did not meet the selection criteria or were not accessible and had to be 
discarded from use in the study. A list of the discarded sites can be found in Appendix 
One, which includes all 26 sites and their associated site selection data. Field checking 
resulted in a final shortlist of 11 remnants. Four of the remnants were from the Ngaruroro 
River known as NG-3, NG-5, NG-6, and NG-7, four were from the Tutaekuri River 
known as TK-4, TK-5, TK-6, and TK-7, two were from the Tukituki River known as TT-
4 and TT-5, and one was from the Makaretu River known as MK-3. As the Makaretu 
River flows into the Tukituki River, the Makaretu River site is referred to as one of the 
Tukituki River sites. 
Forest surveys were carried out between January and February of 2020, with the 
exception of the three Ngaruroro River sites. The forest survey for site NG-5 was carried 
out between December and February of 2018/2019. The forest health assessment for sites 
NG-6 and NG-7 was also undertaken between December and February of 2018/2019. 
2.2 RECCE plots 
Three 10 x 10 m RECCE plots, that followed Hurst and Allen (2007), in part, were 
undertaken per remnant, with a total of 33 plots. RECCE plots were used to determine 
the current species composition, community structure, and site characteristic. Plot 
location was determined randomly by placing a grid over each remnant using QGIS 
(version 3.4.14). For remnants under 5.5 ha a 10 m grid size was used and for remnants 
over 5.5 ha a 100 m grid size was used. A random number generator was used to select 





Zealand Transverse Mercator 2000 (NZTM2000) format and this provided the sampling 
locations. Three of the grid references were surveyed and three were kept spare in case 
of inaccessibility.  
A Garmin GPS device (model GPSMAP 64x) was used to locate the predetermined 
sampling locations; the coordinate defined the centre of each plot. The GPS accuracy was 
recorded in metres. At each plot, the parameters outlined in table 2.3 below were 
measured and recorded.  
Elevation was measured in metres above sea level (m a.s.l.) using a Garmin GPS device 
at the approximate centre of each plot. Slope aspect (aspect) was measured at the centre 
of each plot. The observer stood with their back to the slope, facing in the same direction 
and took the reading off a magnetic compass to determine which direction the slope was 
facing. Slope angle (slope) was measured using a clinometer; the observer looked down 
the slope, lined up the clinometer with the ground, and took the reading. The 
mesotopographic index was measured from the plot centre using a clinometer and 
compass. At six compass bearings, 45°, 90°, 135°, 225°, 315°, and 360°, the clinometer 
was used to measure the angle from eye height to the horizon. Where vegetation blocked 
the view of the horizon, the reading was taken at the lowest light-gap in the vegetation. 
The mesotopographic index was measured to give an indication of how protected or 
exposed from the elements each plot was (McNab, 1993). For sites with a closed canopy 
this angle was large, for sites with a more open or no canopy, the angle was small. The 
angle for each of the six compass bearings was averaged to give the mesotopographic 
index.  The percentage of cover was recorded for five categories: vascular plants, 
nonvascular plants, leaf litter, bare ground, and rock. Vascular plants included all live 
material, including leaves, branches, trunks, and exposed roots. Rock included all rocks, 
stones, and pebbles visible on the surface of the ground. Canopy height for each plot was 
estimated in metres. Where the canopy height was not even, the observer estimated the 
average height. The total canopy cover for the entire plot was estimated in percent. This 
was achieved by the observer assessing the amount and size of all gaps, small and large, 





Table 2.3: Parameters measured and recorded during the RECCE plot surveys. 
Parameter Description 
Elevation Measured in metres above sea level (a.s.l) 
Slope aspect Measured in degrees 
Slope angle Measured in degrees 
Physiography  Either ridge, face, gully, or terrace 
Shape of land surface Either, convex, concave, or linear 
Drainage Categorized on a scale from good to poor 
Mesotopographic index The degree of protection or exposure 
Cultural information Was noted including cultural significance, fauna, browsing and 
browse species 
Cover categories  The percentage of the plot covered in vascular plants, nonvascular 
plants, leaf litter, bare ground, and rock 
Rock The percentage of bedrock and broken rock 
Canopy height Estimated in metres 
Canopy cover Measured in percentages, the total canopy cover of the plot 
 
2.2.1 Seedlings 
The number of seedlings per species were recorded in five height classes: <15 cm, 16 - 
45 cm, 46 - 75 cm, 76 - 105 cm, and 106 - 135 cm. Any seedlings less than 15 cm in 
height were recorded as ‘present’. Species were recorded using their National Vegetation 
Survey (NVS) code and the sum of seedlings per species was calculated for each plot.  
2.2.2 Saplings and trees 
For saplings and trees, each plot was split into quarters - named, north west quarter, north 
east quarter, south west quarter, and south east quarter. The number of saplings per 
species were noted per quarter and the sum calculated. This approach was taken instead 
of individual seedling plots due to the low stem-densities occurring in most plots. The 
diameter at breast height (DBH) of woody stems >2.5 cm was measured for each tree per 
plot.  
2.2.3 Composition 
Each plot was split into seven vertical tiers: >25 m, 12 – 25 m, 5 – 12 m, 2 – 5 m, 0.3 – 2 
m, <0.3 m, and epiphytes. The percentage of each species was split into six cover classes: 
<1 %, 1 – 5 %, 6 – 25 %, 26 – 50 %, 51 – 75 %, and 79 – 100 %. All plant species present 
within the plot boundaries, including those rooted outside but hanging over the plot were 
allocated a cover class within the appropriate vertical tiers.  





2.3 Forest health assessment  
One forest health assessment was undertaken per remnant to determine the current state 
of health and highlight areas requiring interventions. Forest health assessments for NG-
5, NG-6 and NG-7 were undertaken in the summer of 2018/2019 and updated as required 
in January-February of 2020. The method was adapted from the FORMAK site 
assessment (FORMAK, 2005). The assessment was split into the six categories: 
• Management  
• Overview of site  
• On the forest edge  
• Moving through the forest  
• Canopy gaps  
• Threats.  
2.3.1 Management  
Within the management section, history, animal pest control, and weed control were 
assessed. The history of the site was recorded as either primary (score = 4), modified 
primary (score = 3), secondary (score = 2), or revegetated (score = 1). Evidence of animal 
pest and weed control was given a score of 4. A lack of evidence of animal pest or weed 
control was given a score of 1. Where the observer was unsure about animal pest or weed 
control, it was assumed that no control had taken place.    
2.3.2 Site overview  
Size, shape, proximity to indigenous forest, and the presence of corridors were assessed 
in the site overview section. The size of the site was recorded as either 0-5 ha (score = 1), 
5-25 ha (score = 2), 25-100 ha (score = 3) or >100 ha (score = 4). The shape of the site 
was noted on a scale ranging from a narrow long strip (Score = 1) to an extensive round 
or square area (Score = 4). The distance between the site and indigenous forest patches 
that were >10 ha in size was recorded on a scale ranging from no patches present (score 
= 1) to large continuous area of forests present within 50 m of the site (score = 4). Presence 
of corridors was recorded on a scale ranging from site completely isolated (score = 1) to 





2.3.3 On the forest edge  
At the edge of the forest, dieback, understory, weeds, fencing, and the adjacent land use 
were recorded in the ‘on the forest edge’ section. The degree of dieback was measured 
on a scale ranging from major dieback in canopy (score = 1) to canopy without dieback 
(score = 4). Forest edge understory was ranked from understory completely absent (score 
= 1) to vigorous, abundant understory present (score = 4). Forest edge weeds were 
measured on a scale ranging from many weeds present (score = 1) to no weeds present 
(score = 4). Fencing was ranked from no fencing (score = 1) to secure intact fencing (score 
= 4). Adjacent land use was noted as either livestock farming (score = 1), exotic forest 
(score = 2), residential or urban (score = 3) or reserve (score = 4). 
2.3.4 Moving through the forest 
Within the forest, the canopy condition, canopy browse, regeneration, understory 
browsing, ground cover, and bird song, were assessed in the ‘moving through the forest’ 
section. The condition of the canopy was measured on a scale ranging from very sparse 
foliage (score = 1) to abundant dense foliage (score = 4). Canopy browsing was measured 
by looking for any signs of browse on plant species known to be preferred by Trichosurus 
vulpecula (Department of Conservation, 2014). Canopy browse was recorded as either 
severe (75-100 % of leaves browsed; score = 1), moderate (25-75 % of leaves browsed; 
score = 2), light (1-25 % of leaves browsed; score = 3) or no canopy browse (score = 4). 
The presence of seedlings known to be preferred by ungulates (order Artiodactyla) was 
used to determine regeneration within the forest (Forsyth et al., 2002). Regeneration was 
recorded on a scale ranging from understory completely bare of all species (score = 1) to 
abundant regeneration of preferred species (score = 4). Understory browsing was 
measured by looking for any signs of browse on the stems of plant species known to be 
preferred by ungulates. Understory browsing was recorded as either severe (75-100 % of 
stems browsed; score = 1), moderate (25-75 % of stems browsed; score = 2), light (1-
25 % of stems browsed; score = 3) or no understory browse (score = 4). Ground cover 
was measured on a scale ranging from bare soil covering >20 % of ground (score = 1) to 
no bare soil (score = 4). Bird song was measured on a scale ranging from bird song almost 





2.3.5 Canopy gaps 
Regeneration and the presence of species preferred by ungulates, were measured within 
canopy gaps. The abundance of seedlings was used to measure regeneration. 
Regeneration was recorded on a scale ranging from no seedlings (score = 1) to abundant 
seedlings (score = 4). The presence of species preferred by ungulates, within canopy gaps 
was measured on a scale ranging from canopy gaps dominated by non-preferred species 
(score = 1), to canopy gaps dominated by preferred species (score = 4).  
2.3.6 Threats 
The threats section covered the effects of plant and animal pests as well as anthropogenic 
damage within the remnants. Plant pests were split into three categories: vine, shrub, and 
ground cover. The dominance of plant pests was recorded in percentages, on a scale 
ranging from >50 % (score = 1) to <1 % (score = 4). The abundance of fresh signs of T. 
vulpecula and ungulates were noted as either abundant fresh signs (score = 1), common 
fresh sign (score = 2), sign uncommon (score = 3) and no sign (score = 4). The degree of 
anthropogenic damage was ranked on a scale ranging from severe damage (score = 1) to 
no damage (score = 4).  
2.3.7 Forest health scores  
For each remnant, the forest health score was calculated by taking the average score per 
theme and then summing all the theme scores together. Where no score was given, the 
variable was not included in the calculation. Higher scores were associated with healthier 
remnants, with a perfect score being 24.  
2.4 Visual soil assessment  
Visual soil assessments were undertaken at each plot to determine the current health of 
soil. Method was adapted from Shepherd and Janssen (2000). A hole was dug at the 
approximate centre of each plot. The layers of the soil were laid out on a sack for a photo 
to be taken and for the soil parameters to be assessed. The texture was noted as sandy, 
loamy, or clayey. The moisture was categorized on a scale ranging from dry to wet. The 
seasonal weather conditions were noted on a scale ranging from dry to wet. The seasonal 
temperature was noted on a scale ranging from cold to warm. The degree of soil erosion 
was noted on a scale ranging from <1 % to >5 %. The surface relief was categorized on 





(score = 0).  The topsoil depth was noted on a scale from >20 cm to <12 cm. Humus type 
was noted as either mull, moder, or mor. The soil structure consistency was recorded on 
a scale ranging from a dominance of friable finer aggregates (score = 2) to a dominance 
of extremely coarse and firm clods (score = 0). Soil porosity was recorded on a scale 
ranging from many macropores (score = 2) to no macropores (score = 0). Soil colour was 
noted on a scale ranging from dark to pale. The number and colour of soil mottles was 
categorized on a scale ranging from generally absent (score = 2) to abundant (score = 0). 
The number of earthworms was noted on a scale ranging from >15 to <5.  
A ranking score was calculated from the above parameters. Each parameter was given a 
weighting and added together to give the final score. A ranking score of <10 translates to 
a poor soil quality. A ranking score of 10 to 25 translates to a moderate soil quality. A 
ranking score of greater than 25 translates to a good soil quality.  
2.5 Bird counts  
A 5-minute bird count was undertaken at each plot using a method adapted from Dawson 
and Bull (1975) to determine the importance of each site for wildlife. Prior to each count, 
the observers, date and start time were noted. During each count, all birds seen or heard 
were identified and recorded. Individual birds were recorded only once, even if they were 
both seen and heard. Birds or calls that could not be identified were recorded as “UNID”. 
After each count, the temperature, wind, other noise, sun in minutes, precipitation type 
and the precipitation value were recorded. Each variable was categorized. Temperature 
ranged from <0° C (score = 1) to >22° C (score = 6). Wind level ranged from leaves still 
(score = 0), to branches and trees sway (score = 3). Other noise ranged from not important 
(score = 0) to loud (score = 2). The amount of time the sun was present during the count 
was noted in minutes. Precipitation type was recorded as either none, mist, rain, hail, or 
snow. The precipitation value ranged from none (score = 0) to heavy (score = 5). As many 
birds seen and heard remained unidentified, the bird count data was not included in the 
analysis.  
2.6 Canopy and ground cover assessment  
Canopy and ground cover assessments were undertaken at each plot to determine the 
current health of the canopy and ground cover. The method was adapted from the cylinder 
intercept assessment and the point intercept assessment outlined by Handford (2000). The 





approximate centre. At each point, the canopy cover and height were assessed in a 2 m 
diameter circle directly above the point. The percentage of canopy cover, the percentage 
of indigenous species in the canopy, and the average canopy height in metres were 
recorded. Within a 20 cm diameter circle around each point, the ground cover was 
assessed.  The percentage of indigenous woody plants, other indigenous plants, exotic 
woody plants, exotic grass, other exotic plants, roots, moss, leaf litter, wood, soil, and 
rock surrounding each point were recorded to the nearest five percent. The NG-5 canopy 
and ground cover assessment was undertaken in the summer of 2018-2019 with a slightly 
differing methodology. Four transects were run perpendicular to the fence line. Each 
transect started at the fence line and was run into the remnant towards the water’s edge 
for 25-35 metres. The transect length was variable due to inaccessible steep sections. The 
start of each transect was located at a random fence baton. Each point was spaced five 
metres apart and the slope, aspect, and landform were recorded at each. Canopy and 
ground cover categories were also recorded at each point in the same fashion as the 
remaining sites. Due to the methodology between NG-5 and the remaining sites being 
different, the data from the canopy and ground cover assessment was not included in the 
analysis. This was to avoid any issues associated with incomparable data.  
2.7 Ecological references 
Ecological references in the form of predicted pre-human forest types were assessed for 
suitability at each site. The predicted pre-human vegetation types for each of the remnants 
was taken from the Hawke’s Bay potential ecosystem map created by Singers (2018). The 
predicted vegetation type was then compared to the species present at the site. Diagnostic 
species were used to determine if the site fitted the predicted vegetation type or would be 
better classed as another vegetation type. The characteristics and preferences of the 
species present at each site was also taken into consideration during this process. Where 
no diagnostic species were present, the site characteristics were assessed against the 
preferences of the diagnostic species from the predicted vegetation type to determine if 
the predicted vegetation type could be used as a model for restoration.  
2.8 Vegetation classification 
A vegetation classification was generated for each plot based on the classification guide 
created by Atkinson (1962). Each plot was given a floristic and structural name. The 





plot. No more than five species were included in the floristic name. Scientific names were 
used in place of common names. The structural name was based on the composition of 
growth forms. Four key structural classes were used: forest, treeland, shrubland, and 
grassland. Where woody vegetation covered more than 80 % of the plot, the plot was 
called a forest; where woody vegetation covered 20 – 80 % of the plot, the pot was called 
a treeland; where shrubs occupied 20 – 80 % of the canopy, the plot was called a 
shrubland; and where grass occupied 20 – 100 % of the canopy, the plot was called a 
grassland.  
2.9 Statistical analysis  
One-way ANOVA analyses were conducted in RStudio (version 3.6.3) for the soil 
ranking scores and forest health scores to test the differences in the mean scores between 
the sites and rivers, respectively (Quinn & Keough, 2002). Levene’s tests were conducted 
to test the homogeneity of variance, and Shapiro-Wilk tests were conducted to test the 
normality of that data (Quinn & Keough, 2002). As the soil ranking score data and forest 
health score data was normally distributed no data transformations were performed. 
Where the one-way ANOVAs showed statistically significant differences, a Tukey-HSD 
post hoc test was used to determine where the differences were (Quinn & Keough, 2002). 
Adjusted p values of less than one were recorded as <0.01.  
The ggplot2 (version 3.3.2; Wickham et al., 2020) package in RStudio (version 3.6.3) 
was used to create violin plots for the forest health scores. These plots were used to 
display the median, interquartile range, upper and lower limits, and the distribution of the 
data.  
2.9.1 Data transformations 
Some of the data obtained from the fieldwork required transformations before being 
included in the analysis. Species richness was calculated as the number of species within 
a given plot. Species richness was calculated by summing the number of species in a 
given plot. This was repeated for total species richness, native species richness, and exotic 
species richness. Importance values were calculated using the RECCE composition data. 
For each species in a given plot, the cover classes from each tier that the species was 
present in were summed, to give that species importance value for that specific plot. For 
saplings the stem density, or stems per hectare, was calculated by summing the number 





was then multiplied by 100 to give the stem density per hectare. Stem density for 
seedlings was calculated in a similar fashion; for each species, the total number of 
seedlings present in the plot were added together and then multiplied by 100 to give the 
stems per hectare. For each tree within a plot, the basal area per hectare was calculated. 
This was achieved by first squaring the tree’s diameter at breast height (DBH), then by 
multiplying by 0.0000785. The tree’s basal area was then multiplied by 100 to give that 
tree’s basal area per hectare. The true aspect was calculated by adjusting the magnetic 
aspect in accordance with the magnetic declination of the region. This was achieved by 
adding 21 to the magnetic bearing.  For the regression tree models outline in section 2.8.3 
below, the true aspect was assigned to a cardinal direction; flat = <5˚, N = 337.5 - 22.5˚, 
NE = 22.5 - 67.5˚, E = 67.5 - 112.5˚, SE = 112.5 - 157.5˚, S = 157.5 - 202.5˚, SW = 202.5 
- 247.5˚, W = 247.5 -  292.5˚, and NW = 292.5 - 337.5˚. The cardinal directions were then 
allocated a number; N = 1, NE = 2, E = 3, SE = 4, S = 5, SW = 6, W = 7, NW = 8 and flat 
= 9. Distance from the river was measured using QGIS (version 3.4.14), from the 
approximate centre of each plot to the nearest wetted edge. 
2.9.2 Exploratory analysis 
To test the strength of relationships between variables measured and to determine which 
variables would be included in the bagged regression tree models, a scatterplot matrix 
was created using RStudio (version 3.6.3). Site, plot, forest health, and soil data were 
included in the matrix, as outlined below.   
A total of 20 numeric variables were included in the scatterplot matrix (Table 2.4). Total 
species richness, native species richness, and exotic species richness were adapted from 
the RECCE data, as outlined in section 2.8.1 above. The sum of importance values per 
plot for native and exotic species were included, as were the average importance value 
per plot for native and exotic species. The average sapling density per plot and average 
seedling density per plot were used in the analysis. The average basal area per hectare of 
all the trees within a plot was also included. Canopy height, canopy cover, slope, aspect, 
elevation, and mesotopographic index were taken directly from the RECCE data, as were 
the percentage of foliage, nonvascular plants, leaf litter, bare ground, and rock within 
each plot. The overall soil score was taken directly from the visual soil assessments. Road 
density (MfE, 2017), annual rainfall depth (LINZ, 2019), true aspect, and distance from 





A total of four categorical variables were included in the scatterplot matrix (Table 2.4). 
Physiography was assigned to a number: 1 = terrace, 2 = gully, 3 = face, 4 = ridge. Land 
use was adapted from the original forest health categories to better suit the study: 0 = 
dairy farming, 1 = non-dairy farming, 2 = plantation forestry, 3 = recreation. Included in 
the non-dairy farming category was all farming types other than dairy, such as deer, beef, 
and sheep farming. No sites included in the study were surrounded by horticulture or 
viticulture. From the visual soil assessments, the A horizon or topsoil depth was taken. 
Fencing condition was also taken from the forest health assessments where the score 
ranged from 1 to 4, or poor fencing to solid secure fencing around the whole of the site. 
Table 2.4: All of the variables included in the exploratory scatterplot matrix. Including 
the code and variable type. 
Variable Description  Variable type 
STotal Total species richness Numeric 
Snative Native species richness Numeric 
SExo Exotic species richness Numeric 
IVNativeSum The sum of native species importance Numeric 
IVNativeavg The average of native species importance Numeric 
IVExoSum The sum of exotic species importance Numeric 
IVExoavg The average of exotic species importance Numeric 
Sapling Sapling stem density per hectare Numeric 
Seedling Seedling stem density per hectare Numeric 
BA Basal area per hectare Numeric 
CanHT Canopy height (m) Numeric 
CanCv Canopy cover (%) Numeric 
VSA Soil score Numeric 
Rainfall Annual rainfall (mm) Numeric 
Roadden Road density (km²) Numeric 
Slope Slope (°) Numeric 
Aspect_mag Magnetic aspect (°) Numeric 
Aspect_Tru Adjusted aspect (°) Numeric 
Elevation Elevation (m a.s.l) Numeric 
Dist_river Distance from the river (m) Numeric 
Meso Mesotopographic index Numeric 
Foliage Percentage of vascular plant material (%) Numeric 
Nonvas Percentage of nonvascular plants (%) Numeric 
Litter Percentage of leaf litter (%) Numeric 
Bareground Percentage of bare ground (%) Numeric 
Rock Percentage of rock (%) Numeric 
Physiography Physiography of plot Categorical 
LU Land use Categorical 
Ahor A horizon depth  Categorical 






Results from the scatterplot matrix were used to determine which variables would be used 
in the tree models explained in section 3.8.3 below. 
2.9.3 Bagged regression tree models 
Regression tree models were used to determine which of the explanatory variables were 
the most important in explaining values of the response variables and current community 
structure and species composition of the sites surveyed (Breiman et al., 1984; De’ath & 
Fabricius, 2000). Bootstrap aggregation (bagging) was used to reduce the variance and 
create more robust models (Breiman, 1996). The models were created in RStudio (version 
3.6.3) using the caret (version 6.0-86; Kuhn et al., 2020), rpart (version 4.1-15; Therneau, 
Atkinson & Ripley, 2019), and ggplot2 (version 3.3.2; Wickham et al., 2020) packages.  
As mentioned in section 2.8.2 above, the scatterplot matrix was used to determine which 
variables would be used in the tree models. Several variables not included in the 
scatterplot matrix, but were of interest to the study, were included for use in the models.  
A total of four response variables, outlined in Table 2.5, were selected for use in the 
models. Response variables included native and exotic species richness, the sum of 
importance values for native and exotic species, understory density, and canopy cover. 
Species richness and importance were used to demonstrate species diversity, with species 
importance acting as a surrogate for species abundance. The sum of importance values 
for native and exotic species are henceforth referred to as native species importance and 
exotic species importance, respectively. Understory density was the sum of the average 
seedling and sapling stem densities in each plot. These variables were selected to 
represent the structure and composition of the sites surveyed. 
Table 2.5: Response variables used for the bagged regression trees. 
Response Variable Description 
SNative Native species richness 
SExo Exotic species richness 
IVNativeSum Sum of the importance values for native species 
IVExoSum Sum of the importance values for exotic species 
UnderDen Understory density (stems ha-1) 
CanCv Canopy cover (%) 
 
A total of 18 explanatory variables, outlined in Table 2.6, were selected for use in the tree 
models. All 18 were used in the understory density and canopy cover models, while only 





Of the 18 variables, 12 were categorical. Site history, size of site, overall shape of site, 
distance to nearby native forest, presence of vegetation corridors, fencing, land use, stock 
disturbance, the presence of vine weeds, and the presence of ground weeds were taken 
from the forest health assessments. All, except for land use, followed the original 
categories that ranged from 1 - 4 or least healthy to healthiest, as outlined in section 2.2 
above. Land use followed the categories outlined in section 2.9.2 above: (0 = dairy 
farming, 1 = non-dairy farming, 2 = plantation forestry, and 3 = recreation). Vine weeds 
were only included in the understory density and canopy cover models as many of the 
vine species were native and exotic and were therefore not independent of the species 
importance variables. Ground weeds were not included in the exotic species importance 
model, as the ground weed species were all exotic meaning that the variable was not 
independent of exotic species importance. Site physiography followed the categories 
outline in section 2.9.2 above (1 = terrace, 2 = gully, 3 = face, 4 = ridge). The true aspect 
categories ranged from 1 - 9, where 1 was north-facing, and 9 was flat, as outlined in 
section 2.9.1. above.  
The remaining six variables were numeric and included slope, elevation, and 
mesotopographic index, which were taken from the RECCE plot data, as well as road 
density (MfE, 2017), annual rainfall depth (LINZ, 2019), and distance from the river. 
Table 2.6: Explanatory variables included in the bagged regression tree models. 
Variable Description Type 
History 1-4: Primary, modified-primary, secondary, or 
revegetated 
Categorical 
Size 1-4: 0-5 ha, 5-25 ha, 25-100 ha or >100 ha Categorical 
Shape 1-4: narrow strip to round/square Categorical 
NearbyNat Nearby native forest. 1-4: from none to extensive areas 
within 50 m 
Categorical 
Corridors 1-4: from none to extensive vegetation corridors Categorical 
Fencing 1-4: poor to good Categorical 
LU Land use. 0-3: dairy farming, non-dairy farming, 
plantation forestry, recreation 
Categorical 
Stock 1-4: low to high disturbance Categorical 
Vine_weeds 1-4: from > 50 % dominance to < 1 % Categorical 
Ground_weeds 1-4: from > 50 % dominance to < 1 % Categorical 
Physiography 1-4: terrace, gully, face, ridge Categorical 
Rainfall Annual rainfall (mm) Numeric 
Roadden Road density (km²) Numeric 
Slope Slope (°) Numeric 
Aspect_tru Adjusted aspect (°) Numeric 
Elevation Elevation (m a.s.l) Numeric 
Dist_River Distance from the river (m) Numeric 





Before the bagged tree models were created, the response variable data was tested for 
normality and transformed as a requirement of regression tree models (Breiman et al., 
1984; De’ath & Fabricius, 2000). The response variables were tested for normality using 
histograms in RStudio (version 3.6.3). As the response variables were not normally 
distributed, and there were zeros in the data, an arcsinh transformation (Fowler, Cohen & 
Jarvis, 2013) was performed using the ASINH(x) function in Microsoft Excel. 
After being imported into RStudio (version 3.6.3), the data was split into training (75 %) 
and testing (25 %) data sets. The training data was used to fit the models and the testing 
data was used to test the strength of the models. Two hundred trees were created using 
the ‘train’ function from the caret package. The trees were 10-fold cross validated. The 
models were then trained in parallel and the results aggregated for the final model by 
creating eight clusters, fitting 160 trees in parallel and computing predictions on the test 
dataset. An error curve was created by calculating the root mean square error of each 
individual tree and plotting it against the number of trees. The error curve was produced 
to assess the benefit of bagging for reducing the error. As the bagging process leaves trees 
uninterpretable, variable importance and partial dependence plots were produced. The 
‘VIP’ function from the caret package was used to create the variable importance plot 
which ranked the explanatory variables from the most to least important in regard to the 
response variable. The ‘partial’ function was used to generate a partial dependence plot 
(PDP) for each of the explanatory variables. Each PDP demonstrated the relationship 
between the response and the explanatory variable. The process was repeated for each 





3 Chapter Three  
Results 
Chapter Three covers the results obtained during the fieldwork and statistical analysis 
components of this research. Below are descriptions of the site characteristics for the 11 sites 
surveyed, including forest health, soils, presence of birds and plant species. Results from the 
exploratory scatterplot matrix and bagged regression trees are also presented below.  
3.1 Site characteristics  
Abiotic site characteristics such as elevation, slope, and physiography, as well as native forest 
composition and structure, soils, the presence and number of birds, and forest health were 
measured in the REECE plots, while the forest health assessments were assessed at the site 
scale. Supplementary information, including GPS locations and forest survey dates can be 
found in Appendix Two. The site characteristics mentioned in the section below are broken 
down in Tables 3.1 and 3.2.  
3.1.1 Ngaruroro river 
The Ngaruroro River had the lowest mean elevation of all the rivers at 89.33±40 m above sea 
level (M±SD; a.s.l). In general, the sites were comprised of face and terrace physiography, 
except for NG-6 which was entirely flat (<5° slope). The faces were either south or south-west 
facing, with a mean slope of 32.50±20.77°. Shape was variable across all of the sites and plots. 
Linear, concave, and convex shapes were seen at most of the Ngaruroro River sites. Good 
drainage was observed at all of the sites. The mesotopographic index was variable between 
plots, indicating differences in topographic exposure.  
The mean mesotopographic index was 42.48±19.35. Like the mesotopographic index, canopy 
cover was also variable between plots. The mean canopy cover for the Ngaruroro River plots 
was 65.00±32.61 %. All of the sites, except for NG-3, had at least one plot that was partially 
or wholly made up of exotic grass with no canopy above. The canopy height also varied 
according to the canopy cover, giving a mean canopy height of 7.99±7.82 m. All of the sites 
followed the same general trend in regard to the cover composition. Vegetation, including live 
vascular foliage, trunks, and exposed roots, made up the majority of all plots, with a mean of 
76.25±26.21 m. Vegetation was followed by leaf litter with a mean of 40.0±34.28 %, then bare 





Nonvascular plants made up a relatively small proportion of each plot and were usually seen 
growing on tree trunks. The mean for nonvascular cover was 1.25±2.26 %.   
Rainfall depth appeared to vary according to the distance from the river mouth. NG-3, which 
was the furthest inland, had the highest rainfall depth at 1039.17 mm, and NG-5, which was 
the closest to the river mouth had the lowest at 670.48 mm. The mean rainfall depth for the 
Ngaruroro River sites was 770.65±179.64 mm. Road density was generally low for all the 
Ngaruroro River sites; the mean was 0.58±0.20 km².  
3.1.2 Tutaekuri river 
The mean elevation for the Tutaekuri River sites was 112.08±35.70 m. In terms of 
physiography, at least a portion of each of the Tutaekuri River sites was comprised of a sloping 
face. Some of the sites also had terrace segments. The slope direction of the faces was variable 
between sites. All of the sites, except for TK-4, were either south, south-west or west-facing. 
Tk-4 was north or north-east-facing, depending on the exact location within the site. The mean 
slope was 30.00±19.07°. A slope of 60° was observed at TK-5, which was the steepest of all 
the slopes recorded at the Tutaekuri River sites. Much like the Ngaruroro River sites, shape 
was variable. Most of the sites had linear, convex, and concave segments. All sites had good 
drainage. Tutaekuri River sites were made up of segments dominated by either native trees, 
exotic trees and shrubs, or exotic grass. The differing species composition in each segment 
likely affected the mesotopographic index, canopy cover and canopy height.  
The mean mesotopographic index was 58.07±14.93. The mean canopy cover was 
70.42±20.39 %. The mean canopy height was 5.25±2.09 m. Plots with a higher proportion of 
exotic grass generally had a lower canopy cover, canopy height and mesotopographic index. 
Plot cover composition followed the same trend as that of the Ngaruroro River plots. 
Vegetation generally made up the highest proportion of each plot with a mean of 
69.58±33.88 %, followed by leaf litter with a mean of 23.33±27.58 %. Leaf litter was 
significant at some of the sites. For example, TK-5 plot 3 was made up of 60 % leaf litter, likely 
due to the grazing history of the site and the species present. Following leaf litter was bare 
ground with a mean of 2.92±3.96 %, followed by exposed rock with a mean of 2.50±3.37 %, 
and then nonvascular plants with a mean of 1.25±2.26 %. All of the nonvascular plants were 
seen growing on tree trunks.  
Like the Ngaruroro River, rainfall depth appeared to be affected by the distance from the river 





5, closest to the river mouth, had the lowest rainfall depth of 878.76 mm. The mean rainfall 
depth for the Tutaekuri River sites was 987.98±82.17 mm. Road density was relatively low for 
all of the sites, with a mean of 0.45±0.08 km².  
3.1.3 Tukituki river 
During the study, the highest elevations were seen for the Tukituki River sites with a mean of 
244.67±68.40 m. TT-4 and TT-5 had both terrace and face components, while MK-3 was 
completely flat. The faces were all north or north-east-facing and had a mean slope of 
7.78±28.95°. One of the plots from TT-5 was the steepest of all plots sampled at 80°. All of 
the sites were concave in shape, except for one of the TT-4 plots which was convex. Drainage 
was only an issue at MK-3, where the soil was saturated, and pools of water were often seen 
on the surface. All of the other sites had good drainage.  
The mean mesotopographic index for the Tukituki River was 57.65±12.00 and appeared to be 
affected by the variability in canopy cover. Canopy cover was generally high for the Tukituki 
River plots with a mean of 78.89±12.44 %. However, each of the sites did not have a continuous 
or closed canopy across the whole of the site. Each site was made up of areas dominated by 
differing plant types. For example, TT-4 comprised different areas dominated by native trees, 
exotic trees and shrubs, vine weeds, or exotic grass. The Tukituki River sites had the highest 
mean canopy height at 9.33±7.27 m. This is likely due to the significant age of some of the 
trees present at TT-4 and TT-5, where there are old native podocarps such as P. totara and D. 
dacrydioides. Cover composition followed the same trend as the Ngaruroro and Tutaekuri 
Rivers. The majority of each plot was made up of vegetation with a mean of 52.78±32.7 %, 
followed by leaf litter with a mean of 40.0±34.28 %, then bare ground, exposed rock and 
nonvascular plants with means of 2.78±3.63 %, 2.22±3.63 %, and 2.22±2.64 %, respectively.  
Much like the other two rivers, the rainfall depth appeared to be affected by the distance from 
the river mouth for the Tukituki River sites. TT-5, the furthest inland site, had the highest 
rainfall depth of 1312.57 mm, while MK-3, the closest to the river mouth, had a rainfall depth 
of 683.40 mm. The mean rainfall depth was 997.62±314.59 mm, the highest of all three rivers. 
Roads were denser for the Tukituki River sites compared to the Ngaruroro and Tutaekuri Rivers 
with a mean of 0.85±0.19 km². Higher road density is likely due to the proximity of MK-3 to 





Table 3.1: Plot attributes taken from the RECCE plot data. 
Plot  Elevation 
(m) 




MK-3_1 155 Terrace N 5 Concave Poor 50 
MK-3_2 152 Terrace N 5 Concave Poor 51 
MK-3_5 157 Terrace N 5 Concave Poor 68 
NG-3_2 156 Face S 35 Concave Good 56 
NG-3_3 155 Terrace N 5 Concave  Good 61 
NG-3_7 151 Face-terrace  S 55 Concave  Good 54 
NG-5_1 69 face SE 25 Linear Good 16 
NG-5_2 51 face SE 32 Concave Good 39 
NG-5_4 67 ridge S 0 Convex Good 11 
NG-6_1 64 Terrace S 5 Linear  Good 52 
NG-6_2 61 Terrace S 5 Linear  Good 11 
NG-6_3 56 Terrace S 10 Linear  Good 39 
NG-7_1 86 Face SW 60 Concave Good 61 
NG-7_2 74 Terrace SW 10 Convex  Good 56 
NG-7_3 82 Face SW 40 Convex  Good 56 
TK-4_1 123 Face  NE 50 Convex  Good 52 
TK-4_2 128 Face  NE 35 Convex  Good  54 
TK-4_3 119 Face  N 20 Convex  Good 51 
TK-5_1 65 Terrace  N 5 Convex  Good 66 
TK-5_2 76 Face S 60 Linear Good 37 
TK-5_3 76 Face S 45 Concave  Good 74 
TK-6_2 79 Face  W 30 Convex  Good 68 
TK-6_5 102 Face  S 40 Concave  Good 73 
TK-6_6 94 Face  S 30 Concave  Good 73 
TK-7_1 163 Terrace  S 5 Linear  Good 57 
TK-7_2 166 Face  SW 40 Convex  Good 68 
TK-7_3 154 Terrace  Flat 0 Linear  Good 27 
TT-4_2 288 Terrace Flat 0 Concave Good 44 
TT-4_4 278 Terrace Flat 0 Convex  Good 51 
TT-4_5 270 Face NE 55 Concave Good 50 
TT-5_1 294 Terrace  N 5 Concave  Good 76 
TT-5_2 302 Terrace N 5 Concave  Good 74 






Table 3.2: Proportion of cover, canopy height and canopy cover, taken from the RECCE data. 














MK-3_1 90 0 5 5 0 8 70 
MK-3_2 90 0 5 5 0 7 65 
MK-3_5 45 5 45 5 0 8 65 
NG-3_2 55 0 35 5 5 6 80 
NG-3_3 85 0 5 10 0 13 85 
NG-3_7 70 0 10 10 10 5 85 
NG-5_1 100 0 35 0 0 4 85 
NG-5_2 20 0 95 5 10 30 100 
NG-5_4 100 0 0 0 0 0 0 
NG-6_1 100 0 0 0 0 10 70 
NG-6_2 95 0 0 5 0 0 0 
NG-6_3 100 0 0 0 0 4 60 
NG-7_1 50 5 20 20 5 7 80 
NG-7_2 85 5 10 0 0 8 80 
NG-7_3 55 5 25 5 10 8 55 
TK-4_1 95 0 0 0 5 4 70 
TK-4_2 100 0 0 0 0 5 75 
TK-4_3 100 0 0 0 0 5 70 
TK-5_1 95 0 5 0 0 7 65 
TK-5_2 95 0 0 0 5 5 65 
TK-5_3 30 0 60 0 5 4 95 
TK-6_2 90 0 5 5 0 5 60 
TK-6_5 25 5 50 10 10 3 75 
TK-6_6 20 0 65 10 5 6 90 
TK-7_1 40 5 50 5 0 7 85 
TK-7_2 45 5 45 5 0 10 80 
TK-7_3 100 0 0 0 0 2 15 
TT-4_2 80 5 5 10 0 3 85 
TT-4_4 75 5 20 0 0 5 85 
TT-4_5 35 5 55 0 5 15 90 
TT-5_1 5 0 95 0 0 13 95 
TT-5_2 10 0 85 0 5 10 90 





3.1.4 Forest health  
The health of the sites was determined through the forest health assessments and differed 
between sites and rivers, as outlined below.  
3.1.4.1 Ngaruroro river 
All of the Ngaruroro sites were made up of secondary forest except for NG-7 which was 
primary forest. Within NG-7 is a stand of old native trees including Corynocarpus laevigatus, 
Alectryon excelsus subsp. excelsus, Myoporum laetum, and Myrsine australis. NG-6 comprised 
a stand of mature Kunzea robusta, as well as significant areas of exotic grass, and S. fragilis 
along the river’s edge. NG-5 consisted of exotic grass on the ridge then a band of Ulex 
europaeus before a stand of native forest. The canopy was dominated by A. excelsus subsp. 
excelsus and M. laetum. Between the native forest and the water’s edge was a band of S. 
fragilis. NG-3 also contained significant areas dominated by exotic tree species and exotic 
grass. One area of NG-3 was dominated by native forest species including species such as 
Melicytus ramiflorus, Veronica stricta var. stricta, and Sophora tetraptera. No evidence of 
current or past weed control was seen at any of the sites. Evidence of animal pest control was 
present at NG-5 and NG-7 in the form of traps and bait stations.  
Size was variable among the Ngaruroro River sites. The largest was NG-3 at 71.53 ha, followed 
by NG-5 at 0.89 ha, then NG-6 at 0.42 ha, and finally the smallest at 0.26 ha was NG-7. Size 
appeared to have an effect on the general shape of the overall site. NG-3, the largest site, was 
mostly compact in shape. NG-5, the next largest, was long and narrow with some wider areas. 
The two smaller sites, NG-6 and NG-7 were also long and narrow with many areas where the 
observer could look through to the other side of the site. NG-5 and NG-6 were relatively 
isolated, as there was no forest over 10 ha in size within 5 km of the sites. NG-3 and NG-7 
were slightly less isolated, as there was forest over 10 ha in size within 1 - 5 km of the sites. 
Vegetation corridors were extensive surrounding all but NG-5, where the corridors were less 
extensive and made up of mostly planted S. fragilis.  
On the forest edge, the canopy was generally healthy at all of the sites. At NG-6 and NG-7 
there were small areas of localised dieback in the canopy. The understory on the edge of the 
sites was variable. NG-3 had a dense and abundant understory, NG-5 and NG-6 had some 
understory, and NG-6 had no understory at all. Weeds were a significant issue on the edge of 
NG-5, NG-6, and NG-7, where they dominated. Weeds on the edge of NG-3 were much less 





River sites. NG-5 has secure fencing around the site, NG-3 had some fencing on one side, and 
NG-6 and NG-7 had no fencing. Despite a fence running through the middle of NG-7, stock 
had access to both portions of the site. Stock also had access to NG-6.  
Within the sites, the canopy was generally healthy with no dieback, except for NG-6 where 
canopy holes and occasional dieback were present. No canopy browse was observed at any of 
the sites. Abundant plants preferred by deer species were observed at NG-3, while a moderate 
number was observed at NG-5, with very few observed at NG-7 and no preferred plants were 
observed at NG-6. The lack of preferred species at NG-6 was unlikely to be due to browse and 
instead due to the limited number of species present at the site. No signs of understory browse 
were observed at NG-3 or NG-5. Severe understory browse was observed at NG-7 where stock 
had access and were likely limiting the regeneration of native species. Ongoing bird song with 
only occasional breaks was heard at all of the Ngaruroro River sites except for NG-7, where 
bird song was only heard some of the time.  
Within canopy gaps, seedlings were common at NG-3 and NG-5 but were not present at NG-6 
or NG-7. This is likely reflective of the differences in stock access between the sites. Plants 
preferred by deer were common in the canopy gaps at NG-3 and NG-5, were occasionally 
present at NG-7 and none were present in the canopy gaps at NG-6.  
Weeds were an issue at all of the sites to varying extents. Vine, shrub, and ground cover weeds 
were occasionally present at NG-3. Vine weeds, Clematis vitalba in particular, were 
occasionally present at NG-5 where shrub weeds, particularly U. europaeus, were common. At 
NG-6 and NG-7, vine and ground cover weeds were very common and shrub weeds were 
occasional. C. vitalba was an issue at NG-6 and Vinca major was an issue at NG-7. No sign of 
recent Trichosurus vulpecula, deer, stock or human damage was observed at any of the sites. 
However, a Mustela erminea was seen on the river by NG-3, a Cervus elaphus and small group 
of Ovis aries were seen near NG-6, and a small group of Ovis aries were seen near NG-7.  
3.1.4.2 Tutaekuri river 
All of the Tutaekuri River sites were comprised of K. robusta stands, where many of the trees, 
particularly at TK-6, were of a significant age and size. TK-4 predominately comprised a 
K. robusta stand, with areas of exotic species including S. fragilis and exotic grass on and close 
to the water’s edge. TK-5 contained one K. robusta stand, one area of native forest, and a large 
area dominated by exotic species. Within TK-6 was a significant area dominated by Cortaderia 





parts; one was a K. robusta dominated stand, and the other was dominated by exotic species 
such as Salix eleagnos. There was no evidence of animal pest or weed control at TK-4, TK-6, 
or TK-7. Evidence of animal pest control was observed at TK-5 in the form of bait stations. No 
evidence of weed control was seen at TK-5.  
Site size was variable across the Tutaekuri River sites. The largest was TK-6 at 14.42 ha, 
followed by TK-5 at 8.84 ha, then TK-4 at 0.86 ha, and finally the smallest was TK-7 at 0.78 
ha. All of the sites were long and narrow with some wider areas where the observer could not 
see through to the other side. Isolation was variable between sites. TK-4, TK-5, and TK-6 were 
relatively isolated, with the nearest forest over 10 ha being 1 - 5 km away. TK-7 was less 
isolated, with an area of native forest over 10 ha in size being present across the river from the 
site. The presence of vegetation corridors was also variable. Extensive corridors were present 
for TK-5 and TK-6, while corridors were only present within 500 m for TK-7 and within 500 
m – 1 km for TK-4.  
On the forest edge, small areas of localized dieback were present the edge of the Tutaekuri 
River sites, except for TK-6 where no dieback was present on the edge. Some understory was 
present on the edge of TK-4, TK-6, and TK-7. The edge understory at TK-5 contained more 
seedlings and sapling compared to the other Tutaekuri River sites. The edge understory of all 
sites was dominated by weeds, most noticeably, the C. selloana at TK-6 and Rubus fruticosus 
at TK-4. Non-dairy farming was the adjacent land use for all of the Tutaekuri River sites.  
Within the sites, the occasional canopy holes and dieback were seen at TK-4, TK-5, and TK-
7. No canopy holes or dieback was seen at TK-6. No canopy or understory browse was 
observed at any of the sites. In general, the Tutaekuri River sites contained moderate numbers 
of plant species known to be preferred by deer. Bird song was heard continuously at TK-6 and 
TK-7 and was heard almost continuously with only occasional breaks at TK-4 and TK-5. 
Notably, a Ninox novaeseelandiae was seen resting in a tree within one of the plots at TK-6.  
Within canopy gaps, occasional, scattered seedlings were present across all sites. Commonly 
seen among these seedlings were species known to be preferred by deer such as M. ramiflorus 
at all of the sites and Geniostoma ligustrifolium var. ligustrifolium at TK-7.  
Vine weeds such as Calystegia silvatica subsp. disjuncta were occasionally seen at TK-5. 
Shrub and ground cover weeds were commonly seen. Examples of shrub and ground cover 
weeds include Phytolacca octandra seen at TK-6, Ranunculus repens was present at TK-5 and 





stock or human damage was observed at any of the sites. However, old Bos taurus dung and 
animal tracks were seen at TK-6. Signs of Capra hircus and B. taurus movement in the form 
of recent dung and hoof prints, was seen along the Tutaekuri riverbed, as seen in Figure 3.1 
below.  
  
Figure 3.1: Hoof prints and recent dung seen on the Tutaekuri riverbed at the beginning of 
February 2020. 
3.1.4.3 Tukituki river 
TT-4 and TT-5 were part of the original Ashcott Station and have a clear history of grazing. 
Despite the grazing history, a relatively small number of large, old, native podocarps including 
D. dacrydioides and P. totara still remain at the sites. S. fragilis and S. elaeagnos dominate the 
water’s edge at TT-4 and TT-5. After the band of Salix species, was a band dominated by exotic 
grass, then a band of native forest. MK-3 was different from the other sites in that no native 
podocarps were present. The site formed a distinctive boomerang shape and comprised a 
mixture of exotic species such as Prunus serrulata and S. cinerea as well as native species such 
as S. tetraptera and C. australis. No evidence of pest animal or weed control was found at MK-
3. Evidence of current animal pest control in the form of bait stations was found at TT-5, 
however, no evidence of weed control was seen. Evidence of animal pest and weed control was 
found at TT-4, including bait stations and the spraying of R. fruticosus by the landowner.  
MK-3 was the smallest of the three Tukituki River sites at 1.09 ha, followed by TT-5 at 5.03 
ha and TT-4 at 12.69 ha. In general, the Tukituki River sites formed long and narrow strips, 





the site. MK-3 was the most isolated of the three sites as there were no forest areas over 10 ha 
within 5 km of the site. This could be due to the proximity of the site to an urban area. TT-4 
and TT-5 were less isolated and had forested areas over 10 ha in size within 1 - 5 km from the 
sites. Just upstream of TT-4 is the Department of Conservation-managed Inglis Bush. 
Extensive vegetation corridors were present for TT-4 and TT-5. Within 500 m of MK-3 were 
vegetation corridors mostly made up of S. fragilis and other exotic species.  
Small areas of dieback were seen within the canopy on the edge of sites TT-5 and MK-3. No 
canopy dieback was seen on the edge of TT-4. Occasional seedlings and saplings were present 
on the edge of TT-4 and TT-5. MK-3 had a higher number of seedlings and saplings present 
on the edge of the site compared to the other two. Weeds were an issue on the edge of all three 
sites and were either common or dominant. R. fruticosus was commonly seen on the edge of 
all three Tukituki River sites. Secure fencing was present at MK-3 and TT-4, while some 
fencing was present at TT-5. A single wire fence had been recently constructed to surround a 
stand of native podocarps including Prumnopitys taxifolia and D. dacrydioides. Non-dairy 
farming was the adjacent land use for TT-4 and TT-5 and the sites had a clear history of grazing 
but appeared to have been fenced off with little to no stock access within the past several years. 
MK-3 was located within the Waipukurau Golf Course and was actually classed as a water 
hazard for the course. Personal communication with the greenskeeper revealed that in the past, 
plans had been made to convert MK-3 into a wetland.  
Within the sites, only occasional canopy holes and dieback were observed. At TT-4 no canopy 
holes or dieback were seen. No evidence of canopy or understory browse was observed at any 
of the Tukituki River sites. Few to moderate numbers of species preferred by deer were 
observed at all of the sites including Coprosma grandifolia at TT-4 and M. australis at TT-4 
and TT-5. Bird song was heard for the majority of time spent at the sites; only occasional breaks 
occurred. Notably, a Hemiphaga novaeseelandiae was observed eating M. ramiflorus berries 
at one of the TT-4 plots.  
Within canopy gaps, occasional scattered seedlings were present at TT-5 and MK-3, while 
abundant seedlings were present within canopy gaps at TT-4. Plants preferred by deer were 
common at TT-4 and TT-5 and seen occasionally at MK-3. The limited presence of species 






Vine weeds such as C. vitalba were common at TT-4 and TT-5 and occasionally seen at MK-
3. Ground cover weeds were common at TT-4 and MK-3 and quite common at TT-5. For 
example, at TT-4, significant areas of the site were dominated by Convulvulus arvensis. Shrub 
weeds were also common at TT-5 and MK-3 and quite common at TT-4. In particular, R. 
fruticosus was an issue at all of the Tukituki River plots. No recent signs of T. vulpecula, deer, 
stock or human damage was observed at any of the sites. However, fresh, and old signs of 
Oryctolagus cuniculus and Lepus europaeus in the form of digging, holes, and pellets, were 
observed within TT-4.  
3.1.4.4 Forest health scores 
The median forest health score for all three rivers was between 15 and 17, indicating moderate 
health. The Ngaruroro River sites demonstrated a wider range of forest health scores, ranging 
from poor health to high health (Figure 3.2). Tukituki River sites demonstrated a smaller forest 
health score range and were more concentrated around the moderate health scores (Figure 3.2). 
Highly concentrated around the moderate health scores were the Tutaekuri River sites, 
demonstrating a smaller range and overall moderate forest health (Figure 3.2).  
 
Figure 3.2: Violin plots for the forest health assessment scores for each river, showing the 
interquartile range (box), range (vertical line), median (centre line of boxes), outliers (dots), 





 A Levene’s test gave a F value of 0.84 and a p value of 0.47, indicating that the variance of 
the forest health score data was homogenous. A Shapiro-Wilk test gave a W value of 0.91 and 
a p value of 0.26, indicating that the data was normally distributed. A one-way ANOVA gave 
a p value of 0.75 (Table 3.3), indicating that the forest health scores were not statistically 
different between the rivers and that overall, the forests associated with the three rivers were 
all of similar health.   
Table 3.3: One-way ANOVA table for the forest health scores of the Ngaruroro, Tutaekuri 
and Tukituki Rivers. 
Variable Sum of 
Squares 
df Mean Square F P 
River 4.25 2 2.33 0.30 0.75 
Residuals 62.18 8 7.77   
 
3.1.5 Soils 
Visual soils assessments were used to assess the soils at each site. While the soils differed 
between sites, there were a few traits that were shared. No more than five earthworms were 
found during any of the soil assessments. Many of the holes dug contained no earthworms at 
all. No more than 1 % of each site was affected by soil erosion, potentially due to the relatively 
consistent vegetation cover. The top of the soil was relatively smooth and unbroken at all sites, 
potentially due to stock exclosure. All assessments were undertaken during the summer when 
the seasonal conditions were warm and dry.  
3.1.5.1 Ngaruroro River 
Loamy and sandy soils were present along the Ngaruroro River, as demonstrated by Figure 3.3 
below. Images C and G from Figure 3.3 demonstrate the presence of rocks and shingle in some 
of the Ngaruroro River soils. Some of the soils, particularly NG-7 plot 1 were quite hard and 
difficult to dig up (Figure 3.3 J). Soils were generally dry except for plot 7 at NG-3 where the 
soil was moist and for the whole of NG-5 where the soil was slightly moist. Topsoil or A 
horizon depth was generally no deeper than 20 cm, except for NG-5 where all of the topsoil 
was deeper than 20 cm. Moder was the dominant humus type at NG-3 and NG-7, where a layer 
of leaf litter was consistent and between 2 and 5 cm deep. Moder humus was also present at 
one of the NG-5 plots. The remaining NG-5 plots contained mull humus type as there was not 
a continuous leaf litter layer and decomposition rates were fast. Mull humus was also the 





contained equal parts of friable aggregates and clods. Soils at NG-5 and NG-7 contained equal 
parts friable aggregates and clods while soils at NG-6 were dominated by finer friable 
aggregates with no significant clodding present. Many macropores were present within the soil 
at NG-3, NG-6, and NG-7. No or coarse macropores were present in the soil at NG-5. Topsoil 
colour was relatively pale at NG-3, NG-6, and NG-7. At plot 3 of NG-3 the soil was a very 
pale grey colour (Figure 3.3 B). Dark brown coloured topsoil was present at NG-5. For the 
most part, mottles were generally absent from the soils at the Ngaruroro River sites.  
3.1.5.2 Tutaekuri river 
All of the Tutaekuri River sites contained predominantly loamy soils that were dry to slightly 
moist (Figure 3.4). Plots 5 and 6 at TK-6 contained some rocks in the soil, as demonstrated in 
Figure 3.4 H and I. The soil at plot 2 of TK-6 was also quite hard and difficult to dig. A horizon 
depth was variable at each site and ranged from <12 cm to >20 cm. Mull humus was the 
dominant humus type at TK-4 and was present at TK-7. Moder humus was the dominant humus 
type at TK-6 and was present at TK-5 and TK-7. Mor humus was present at TK-5 where the 
leaf litter was >10 cm deep underneath the K. robusta stand that had a clear grazing history and 
limited regeneration. The soil at TK-6 contained equal parts finer friable aggregates and coarse 
firm clods. One plot, each at TK-4 and TK-7, also contained equal parts friable aggregates and 
clods. The remaining plots at TK-4 and TK-7 and all of the plots at TK-5 were dominated by 
soils that contained no significant clodding and significant proportions of friable aggregates. 
Many macropores were present within the soils at all of the Tutaekuri River sites. The topsoil 
of the Tutaekuri River sites was darker than the Ngaruroro River sites (Figures 3.3 and 3.4). At 
TK-4 the topsoil was dark except for one plot that was slightly paler. At TK-5 one plot had 
dark topsoil and the rest had slightly paler topsoil. At TK-6 all of the topsoil assessed was dark-
coloured. At TK-7 the topsoil was darkly coloured except for one plot where the topsoil was 
significantly paler compared to the other plots. Mottles were generally absent from the soils at 
all of the Tutaekuri River sites.  
3.1.5.3 Tukituki river 
The soils at TT-4 and TT-5 were generally loamy and slightly moist (Figure 3.5). One plot at 
TT-4 contained sandy soil and one plot at TT-5 contained dry soil. The soil at MK-3 was 
different from the other Tukituki River plots and was clayey and wet. Topsoil depth was 
variable between plots and ranged from <12 cm to >20 cm at all of the sites. Moder and mull 





decomposition rates were much slower at the site. Significantly more leaf litter was also present 
at TT-5 plots compared to the other two sites. This was especially present in the native 
podocarp stand within TT-5 that appeared to have only recently been fenced. Soils at TT-4 
contained either no significant clodding or equal parts coarse clods and friable aggregates. The 
soils at both TT-5 and MK-3 were dominated by coarse and firm clods. Many macropores were 
present within the soils at TT-4 and TT-5 except for plot 2 at TT-4 where fewer macropores 
were present. No or coarse macropores were present at MK-3. The colour of the topsoil at TT-
4 was dark except for plot 2 which contained slightly paler topsoil. The topsoil at TT-5 was 
slightly paler than the dark topsoil at TT-4. The topsoil at MK-3 was variable and ranged from 
dark to pale. Mottles were generally absent from the soils at TT-4, TT-5, and plot 5 at MK-3. 





   
   
   
   
Figure 3.3: Soils from the Ngaruroro River. A to C are from NG-3 plots 1, 3 and 7. D to F are 
from NG-5 plots 1, 2, and 4. G to I are from NG-6  plots 3, 2 and 1. J to L are from NG-7 plots 
1, 2 and 3.   
L. K. J. 
I. H. G. 
F. E. D. 





   
   
   
   
Figure 3.4: Soils from the Tutaekuri River. A to C are from TK-4 plots 1, 2 and 3. D to F are 
from TK-5 plots 1, 2 and 5. G to I are from TK-6 plots 2, 5 and 6. J to K are from TK-7 plots 
1, 2 and 3.  
J. K. L. 
A. B. C. 
D. E. F. 





   
 
  
   
Figure 3.5: Soils from the Tukituki River. A to C are from MK-3 plots 5, 1 and 2. D to F are 











3.1.5.4 Ranking scores 
The mean ranking scores for the Ngaruroro River sites were 27.00±1.00 for NG-3, 
28.30±1.53 for NG-5, 28.30±1.15 for NG-6, and 31.30±2.31 for NG-7. The mean ranking 
scores for the Tutaekuri River sites were 31.70±4.51 for TK-4, 27.00±2.00 for TK-5, 
29.70±1.15 for TK-6, and 30.30±4.93 for TK-7. The mean ranking scores for the Tukituki 
River sites were 30.70±5.77 for TT-4, 20.70±1.15 for TT-5, and 18.70±3.06 for MK-3.  
A Levene’s test gave a F value of 0.49 and a p value of 0.88 indicating that the variance 
of the soil ranking score data was homogenous. A Shapiro-Wilk test gave a W value of 
0.98 and a p value of 0.79, indicating that the soil ranking score data was normally 
distributed. A one-way ANOVA gave a p value of 0.01, indicating that the differences in 
soil ranking scores between sites were statistically significant (Table 3.4).   
Table 3.4: One-way ANOVA table for the soil ranking scores of the 11 plots along the 
Ngaruroro, Tutaekuri and Tukituki Rivers. 
Variable Sum of 
Squares 
df Mean Square F p 
Site 570.10 10 27.01 6.03 0.01 
Residuals 208.00 22 9.45   
 
A Tukey-HSD test indicated that the differences in the soil ranking scores between MK-
3 and NG-3, NG-5, NG-6, TK-4, TK-5, TK-6, TK-7, and TT-4 and those between TT-5 
and NG-6, TK-4, TK-6, TK-7, and TT-4 were statistically significant (Table 3.5). As 
outlined above, MK-3 score significantly lower than NG-3, NG-5, NG-6, TK-4, TK-5, 
TK-6, TK-7, and TT-4 in the visual soil assessment. This is likely due to the significant 
amount of water and poor drainage at MK-3. While it was possible to walk across the 
majority of the site there where many places where the observer’s feet would visibly press 
water from the soil while walking. As outlined above, TT-5 scored significantly lower 
than NG-6, TK-4, TK-6, TK-7, and TT-4 in the visual soil assessment. This is likely due 
to shallow topsoil depths, inhibited decomposition of the leaf litter, and the presence of 






Table 3.5: Tukey HSD table using the adjusted p value, for the soil ranking scores of the 
11 plots along the Ngaruroro, Tutaekuri and Tukituki Rivers. Significant relationships are 











TK-6 TK-7 TT-4 TT-5 
MK-
3 
 0.08 0.03 <0.01 0.49 <0.01 0.08 <0.01 <0.01 <0.01 1.00 
NG-
3 
0.08  1.00 0.81 0.99 0.74 1.00 0.99 0.95 0.92 0.34 
NG-
5 
0.03 1.00  0.98 0.87 0.95 1.00 1.00 1.00 1.00 0.14 
NG-
6 
0.01 0.81 0.98  0.23 1.00 0.81 1.00 1.00 1.00 0.01 
NG-
7 
0.49 0.99 0.87 0.23  0.18 0.99 0.57 0.41 0.34 0.92 
TK-4 0.01 0.74 0.95 1.00 0.18  0.74 1.00 1.00 1.00 <0.01 
TK-5 0.08 1.00 1.00 0.81 0.99 0.74  0.99 0.95 0.92 0.34 
TK-6 0.01 0.99 1.00 1.00 0.57 1.00 0.99  1.00 1.00 0.05 
TK-7 0.01 0.95 1.00 1.00 0.41 1.00 0.95 1.00  1.00 0.03 
TT-4 0.01 0.92 1.00 1.00 0.34 1.00 0.92 1.00 1.00  0.02 
TT-5 1.00 0.34 0.14 0.01 0.92 0.01 0.34 0.05 0.03 0.02  
 
3.1.6 Birds  
A total of 270 birds were seen or heard during the five-minute bird counts; 52 were seen 
and 219 were heard. Of these birds, 111 were not identified; 14 were seen and 97 were 
heard. During the counts, 19 species were identified, 8 of which were endemic, 7 were 
native and 8 were exotic. Rhipidura fuliginosa was the most common bird at all sites with 
1 seen and 35 heard for a total of 36. R. fuliginosa was also commonly seen and heard 
outside of the five-minute counts, during time at each plot and when moving between 
plots. Other species commonly seen included Turdus merula (27 total, 1 seen, 26 heard), 
Gerygone igata (23 total, 4 seen, 19 heard), Prosthemadera novaeseelandiae (15 heard, 
0 seen), and Zosterops lateralis (14 total, 6 seen, 8 heard). None of the birds identified 
had threatened status. Further information on the bird counts can be found in Appendices 
Three and Four.  
3.1.7 Flora 
A total of 127 plant species were present in the RECCE plots. Of these, 52 were endemic, 
14 were native and 61 were exotic. Of the endemic and native species, 30 were trees and 
shrubs, 21 were ferns or fern allies, 6 were lianes or climbers, 3 were herbs and 6 were 
monocots. Only one threatened species was present, K. robusta, which has been classified 





were R. fruticosus, which was found in 21 of the 33 plots, M. ramiflorus, which was 
present in 19 plots, C. robusta, which was present in 12 plots, K. robusta and S. fragilis, 
which were both found in 10 plots. A species list for all of the sites can be found in 
Appendix Five. As demonstrated by the vegetation classification in Table 3.6 below, 
vegetation in the majority of plots formed a treeland that was dominated by a mixture of 
exotic and native species.  
Table 3.6: Vegetation classification for each plot, including the floristic and structural 
name. 
Plot Vegetation classification Structural Class 
MK-3_1 S. fragilis, R. fructicosus Treeland 
MK-3_2 S. cinerea, C. robusta Treeland 
MK-3_5 S. fragilis, C. robusta, C. australis Forest 
NG-3_2 S. tetraptera, Crataegus monogyna, M. ramiflorus, 
Aristotelia serrata 
Treeland 
NG-3_3 Exotic grass Grassland 
NG-3_7 S. fragilis, A. serrata, Coriaria arborea var. arborea  Treeland 
NG-5_1 M. ramiflorus, Ulex europaeus  Shrubland 
NG-5_2 S. fragilis, C. laevigatus, M. ramiflorus  Treeland 
NG-5_4 Exotic grass Grassland 
NG-6_1 S. fragilis, Populus deltoides  Treeland 
NG-6_2 Exotic grass Grassland 
NG-6_3 Exotic grass Grassland 
NG-7_1 M. ramiflorus  Treeland 
NG-7_2 S. fragilis, M. ramiflorus  Treeland 
NG-7_3 M. ramiflorus  Treeland 
TK-4_1 K. robusta  Treeland 
TK-4_2 K. robusta  Treeland 
TK-4_3 S. fragilis, K. robusta  Treeland 
TK-5_1 S. fragilis  Treeland 
TK-5_2 Betula pendula  Treeland 
TK-5_3 C. australis, M. ramiflorus  Treeland 
TK-6_2 K. robusta, M. ramiflorus  Treeland 
TK-6_5 M. ramiflorus  Treeland 
TK-6_6 M. ramiflorus, K. robusta, A. excelsus subsp. excelsus  Treeland 
TK-7_1 K. robusta  Forest 
TK-7_2 K. robusta  Treeland 
TK-7_3 Buddleja davidii, Cortaderia selloana  Shrubland/Grassland 
TT-4_2 S. eleagnos, S. fragilis  Treeland 
TT-4_4 M. ramiflorus Forest 
TT-4_5 M. ramiflorus Treeland 
TT-5_1 A. excelsus subsp. excelsus, M. ramiflorus, D. dacrydioides  Forest 
TT-5_2 A. excelsus subsp. excelsus, D. dacrydioides  Treeland 
TT-5_5 P. totara, D. dacrydioides, Pinus radiata  Treeland 
 
3.1.8 Ecological references 
The presence, or lack thereof, of diagnostic species was assessed and compared to the 





expected that site scale variability would not always be recognized in the predictions of 
pre-human forest cover. 
3.1.8.1 Ngaruroro river 
None of the diagnostic species were present at the site at the time of assessment for NG-
3 (Table 3.7). P. totara is a lowland, montane, and lower subalpine forest tree that occurs 
on well-drained alluvial plains, with fertile soils and seasonal droughts (Dawson & Lucas, 
2011). A. excelsus subsp. excelsus is a widespread coastal and lowland forest tree that 
favours well-drained, fertile, alluvial soils (Dawson & Lucas, 2011). D. dacrydioides is a 
lowland forest tree that often occurs on floodplains and river terraces with moist, free-
draining soils (Dawson & Lucas, 2011). P. taxifolia is also a lowland forest tree that 
dominates sites with alluvial soils that are waterlogged in the winter and dry in the 
summer (Dawson & Lucas, 2011). As NG-3 is comprised of sloped and flat segments, it 
is likely that the site could be suitable for the diagnostic species of the predicted forest 
types. 
No native podocarp species were present at NG-5 or NG-7 at the time of assessment. 
Taking into consideration the characteristics and preferences of the diagnostic species, it 
would be more appropriate to expect D. dacrydioides, P. totara, P. taxifolia forest on an 
alluvial floodplain rather than on a riparian hillside like NG-5 and NG-7. The presence of 
A. excelsus subsp. excelsus and M. laetum at both sites better indicate an A. excelsus 
subsp. excelsus, M. laetum forest type which has been mapped on steep coastal faces in 
the Hawkes Bay region (Singers, 2018).  
The diagnostic species were not present at NG-6 the time of assessment. Due to the 
characteristics and preferences of the diagnostic species, it would be ecologically 
appropriate to expect D. dacrydioides, P. totara, P. taxifolia forest at the site, as it lies on 
a remnant floodplain.  
Table 3.3: Predicted forest types for the Ngaruroro River sites from Singers (2018). MF1 
is P. totara, A. excelsus subsp. excelsus forest, MF4 is D. dacrydioides forest, WF2-2 is 
D. dacrydioides, P. totara, P. taxifolia forest. 
Forest type NG-3 NG-5 NG-6 NG-7 
MF1 ✓ - - ✓ 
MF4 ✓ - - - 






3.1.8.2 Tutaekuri river 
None of the diagnostic species, except for A. excelsus subsp. excelsus at TK-6, were 
present at the sites (Table 3.8). As all of the Tutaekuri River sites contained at least one 
sloped segment, it is likely that the sites could be suitable for P. totara and A. excelsus 
subsp. excelsus. 
Table 3.4: Predicted pre-human forest types from Singers (2018) for the Tutaekuri River 
sites. MF1 is P. totara, A. excelsus subsp. excelsus forest. 
Forest type TK-4 TK-5 TK-6 TK-7 
MF1 ✓ ✓ ✓ ✓ 
 
3.1.8.3 Tukituki river 
The presence of P. totara, A. excelsus subsp. excelsus, and D. dacrydioides at TT-4, and 
the presence of all four diagnostic species at TT-5 support the predicted forest types 
(Table 3.9). Further evidence to support these predictions includes both sites containing 
sloped and terrace segments to support the diagnostic species preferences, and TT-5 
having an average annual rainfall of 1312.57 mm. D. dacrydioides, P. totara, P. taxifolia 
forest is known to be more widespread in areas where the rainfall is greater than 1100 
mm (Singers, 2018).  
No diagnostic species were present at MK-3 (Table 3.9). However, the moist soil and flat 
conditions could be suitable for the diagnostic species, D. dacrydioides. 
Table 3.5: Predicted pre-human forest types for the Tukituki River sites from Singers 
(2018). MF1 is P. totara, A. excelsus subsp. excelsus forest, MF4 is D. dacrydioides 
forest, WF2-2 is D. dacrydioides, P. totara, P. taxifolia forest. 
Forest type TT-4 TT-5 MK-3 
MF1 ✓ ✓ - 
MF4 - - ✓ 
WF2-2 ✓ ✓ - 
 
3.2 Variable relationships 
A scatterplot matrix was used to explore the relationships between the RECCE, forest 
health, and soil assessment data. The strength of relationships was assessed to determine 





relationships that were of interest to this study are explored below, the remaining 
relationships can be found in Appendix Six.   
3.2.1 Saplings and seedlings 
Saplings appeared to have moderately positive relationships with fencing and land use (r 
= 0.52), indicating that the more secure the fencing the higher the stem density of saplings 
per hectares. Consequently, sites surrounded by recreation were more likely to have a 
higher number of sapling stems per hectare compared to plantation forestry, which had a 
medium stem density per hectare for saplings, and non-dairy farming which had lower 
stem density of saplings per hectare. Seedlings had a weakly positive relationship with 
fencing (r = 0.33), indicating that in general, more intact fencing resulted in a higher stem 
density of seedlings per hectare. Seedlings had a weak to moderate relationship with 
canopy height, with an r value of 0.44. Sites containing older, taller trees were more likely 
to have higher stem densities of seedlings per hectare.  
3.2.2 Canopy Cover  
Canopy cover had weakly positive relationships with native species richness and the sum 
of native species importance, giving r values of 0.35 and 0.42, respectively. Sites with a 
higher percentage canopy cover were more likely to have greater species richness and 
species sum of native species importance compared to those with a lower percentage 
canopy cover. TK-7 plot 1 had a relatively high canopy cover of 85 %, and a high native 
species richness and importance of 11 and 52, respectively.  
3.2.3 Land use 
Weakly to moderately positive relationships were seen between land use and the richness 
and importance of exotic species, with r values of 0.42 and 0.51, respectively. Higher 
richness and sum of exotic species importance was associated with sites surrounded by 
recreation. Sites surrounded by plantation forestry were associated with a medium 
richness and sum of exotic species importance. Low richness and sum of importance were 
associated with non-dairy farming. Plot 4 at TT-4 was surrounded by non-dairy farming 
and had no exotic species present within the plot and subsequently an exotic species 






Rainfall appeared to have moderately positive relationships with native species richness 
and the sum of native species importance, with an r value of 0.57 for both. Higher annual 
rainfall resulted in greater richness and importance of native species. An r value of 0.31 
indicated that the relationship between canopy cover and rainfall was weakly positive. In 
general, higher rainfall coincided with a greater percentage canopy cover. Plot 7 at NG-3 
had high annual rainfall of 1039.17 mm. The plot also had a relatively high native species 
richness of 9, a relatively high native species importance of 53, and a relatively high 
canopy cover of 85 %.  
3.2.5 Slope 
Steeper slopes had a weakly positive relationship with the richness and sum of importance 
for native species, with r values of 0.43 and 0.47, respectively. Sites with a steeper slope 
generally had higher native species richness and sum of native species importance. For 
example, plot 5 at TT-5 had the steepest slope and highest species richness and sum of 
importance for native species of all of the sites, with a slope of 80°, a species richness of 
17 and a sum of importance of 93.  
3.2.6 Aspect  
Aspect had weakly to moderately negative relationships with the importance of native 
species (r = -0.33), rainfall (r = -0.37), road density (r = -0.50), and fencing (r = -0.52). 
For example, plot 1 at NG-7 was west facing (277°), had an exotic species importance of 
2, which was among the lowest, an annual rainfall of 702.49 mm, which was also among 
the lowest, a medium to low road density of 0.42 km², and poor fencing that did not 
surround the whole site.  
3.2.7 Physiography  
Physiography had a weakly negative relationship with the importance of exotic species (r 
= -0.33) and road density (r = -0.38). Physiography had a weakly positive relationship 
with soil assessment scores (r = 0.31) and a strongly positive relationship with slope (r = 
0.76). These relationships indicate that ridges are associated with low importance of 
exotic species, low road densities, better quality soils, and steeper slopes. Faces may be 
associated with medium to low importance of exotic species, good to moderate quality 





associated with a high importance of exotic species, low quality soils, high road densities, 
and shallow slopes. For example, NG-6 plot 1 was located on a terrace, had the highest 
importance of exotic species at 43, a medium to low road density of 0.52 km², a high soil 
score of 30, and a shallow slope of 5°.  
3.2.8 Elevation 
Moderately positive relationships between elevation, native species richness (r = 0.65) 
and the sum of native species importance (r = 0.61) were observed. TT-5 plot 5 had the 
highest richness and sum of importance of native species as mentioned above. The plot 
also had the highest elevation of all plots sampled at 306 m a.s.l, indicating that higher 
richness and importance of native species is associated with higher elevations. Canopy 
cover had a weakly positive relationship with elevation, with an r value of 0.31. Plot 2 at 
TT-5 had the second highest elevation at 302 m, and a canopy cover of 90 % which was 
among the highest of all the plots. Moderate to highly positive relationships between 
elevation and rainfall (r = 0.72), road density (r = 0.68), and aspect (r = 0.61), indicated 
that higher elevations may be associated with higher annual rainfall, road density and 
aspect. For example, NG-3 plot 2 had a high annual rainfall of 1039.17 mm, a relatively 
high elevation of 156 m, a medium to low road density of 0.87 km², and a south facing 
aspect (177°).  
3.2.9 Mesotopographic index 
Weakly to moderately positive relationships were observed between mesotopographic 
index and the sum of native species importance (r = 0.37), canopy cover (r = 0.64). For 
example, plot 1 at TT-5 had a mesotopographic index of 76, the highest of all the plots. 
The plot also had a sum of native species importance of 42.50, a canopy cover of 95 %, 
and an annual rainfall of 1312.57 mm, which were high compared to the other plots.  
3.3 Variable importance  
Bagged regression tree models were used to determine which of the explanatory variables 
were the most important for the six response variables assessed. The models were then 
used to determine the response curves (presented in partial dependence plots) between 
the most important explanatory variables and the corresponding response variable. 
Below, the four to six most important response curves for each response variable are given 





3.3.1 Native species richness  
The six most important explanatory variables for native species richness were slope, 
elevation, mesotopographic index, rainfall, road density, and the distance from the river 
in that order (Figure 3.6). The root mean square error (RMSE) was 0.82 and the model 
explained 76 % of the variance.   
In general, increasing slope, elevation, mesotopographic index, rainfall, and road density 
led to increases in native woody species richness (Figure 3.7). Increasing distance from 
the river led to decreased native woody species richness (Figure 3.7). The most notable 
increases in native woody species richness occurred between a slope of 15° and 30°, an 
elevation between 150 m and 175 m, a mesotopographic index between 35 and 55, an 
annual rainfall between 625 mm and 675 mm and between 900 mm and 950 mm, and a 
road density between 0.40 km² and 0.60 km² (Figure 3.7). The most notable decreases in 
native woody species richness occurred between 60 m and 300 m from the river and 
between 200 m and 225 m from the river (Figure 3.7).  























Figure 3.7: PDPs for the relationship between Slope (A), Elevation (B), Mesotopographic 
index (C), Annual rainfall (D), Road density (E), Distance from the river (F) and native 









































































































3.3.2 Exotic species richness 
The bagged regression tree models indicated that the six most important explanatory 
variables for exotic species richness were elevation, slope, road density, mesotopographic 
index, rainfall, and distance from the river (Figure 3.8). The model gave an RMSE of 0.70 
and explained 72 % of the variance.  
In general, exotic woody species richness increased with increasing elevation, slope, road 
density, and annual rainfall and decreased with increasing mesotopographic index (Figure 
3.9). The most notable increases in exotic woody species richness occurred between an 
elevation of 25 m and 150 m, between a slope of 0° and 40°, between a road density of 
0.75 km² and 0.80 km², between an annual rainfall of 1000 mm and 1025 mm, and 
between 200 m and 225 m from the river (Figure 3.10). The most notable decreases in 
exotic woody species richness occurred between a mesotopographic index between 66 % 
and 68 %, and between 50 m and 200 m from the river (Figure 3.9).  
 








































Figure 3.9: PDPs for the relationship between Elevation (A), Slope (B), Road density (C), 
mesotopographic index (D), Annual rainfall (E), Distance from the river (F), and Exotic 





























































































3.3.3 Importance of native woody species  
The bagged regression tree models indicated that the five most important explanatory 
variables for the importance of native species were elevation, slope, rainfall, distance 
from the river, and mesotopographic index (Figure 3.10).  The model explained 87 % of 
the variance and gave a RMSE of 1.43.  
In general, the importance of native woody species increased with increasing elevation, 
slope, rainfall, distance from the river, and mesotopographic index (Figure 3.11). The 
most notable increases in the importance of native woody species occurred between an 
elevation of 150 m a.s.l and 175 m a.s.l, a slope between 15° and 25°, an annual rainfall 
between 625 mm and 650 mm and between 900 mm and 1200 mm, between 25 m and 50 
m and between 100 m and 125 m from the river, and a mesotopographic index between 
30 and 50 (Figure 3.11).  
 

























Figure 3.11: PDPs for the relationship between Elevation (A), Slope (B), Annual rainfall 
(C), Distance from the river (D), Mesotopographic index (E), and Native species 






























































































3.3.4 Importance of exotic species 
Slope, distance from the river, elevation, and road density were demonstrated to be the 
four most important explanatory variables for the importance of exotic woody species 
(Figure 3.12). The model explained 82 % of the variance and gave an RMSE of 1.32.  
In general, the importance of exotic woody species increased with increasing slope, 
elevation, and road density, and decreased with increasing distance from the river (Figure 
3.13). The most notable increases in the importance of exotic woody species occurred 
between a slope of 0° and 50°, between an elevation of 25 m and 150 m, and between a 
road density of 0.75 km² and 0.78 km² (Figure 3.13). The most notable decreases in the 
importance of exotic woody species occurred between 40 m and 190 m from the river 
(Figure 3.13).  
 






















Figure 3.13: PDPs for the relationship between Slope (A), Distance from the river (B), 
Elevation (C), Road density (D), and Exotic species richness. Exotic species richness data 
















































































3.3.5 Understory density  
The five most important explanatory variables for understory density were rainfall, 
elevation, slope, distance to the river, and mesotopographic index (Figure 3.14). The 
model explained 93 % of the variance and gave an RMSE of 1.38.  
In general, understory density decreased with increasing rainfall and mesotopographic 
index and increased with increasing elevation and distance from the river (Figure 3.15). 
the most notable decreases in understory density occurred at an annual rainfall of 1200 
mm, between a slope of 0° and 5°, and between a mesotopographic index of 45 and 78 
(Figure 3.15). The most notable increases in understory density occurred between an 
elevation of 25 m and 50 m, between a slope of 28 ° and 55°, and between 25 m and 215 
m from the river (Figure 3.15).  
 























Figure 3.15: PDPs for the relationship between Annual rainfall (A), Elevation (B), Slope 
(C), Distance from the river (D), Mesotopographic index (E), and Understory density. 
Understory density data was arcsinh transformed.  











































































































3.3.6 Canopy cover  
Mesotopographic index, elevation, slope, distance from the river, and annual rainfall were 
the five most important explanatory variables for canopy cover (Figure 3.16). An RMSE 
of 0.75 was given for the model which explained 78% of the variance.  
In general, canopy cover increased with an increasing mesotopographic index, decreased 
with increasing slope and distance from the river, and remained relatively constant with 
increasing elevation and annual rainfall (Figure 3.17). The most notable increases in 
canopy cover occurred between a mesotopographic index of 5 and 35, between an 
elevation of 40 m and 60 m, between a slope of 0° and 5°, and between an annual rainfall 
of 200 mm and 300 mm (Figure 3.17). The most notable decreases in canopy cover 
occurred between 20 m and 140 m from the river (Figure 3.17).  
 


























Figure 3.17: PDPs for the relationship between Mesotopographic index (A), Elevation 
(B), Slope (C), Distance from the river (D), Annual rainfall (E), and Canopy cover. 









































































3.3.7 Important explanatory variables  
The six explanatory variables that were consistently the most important for the structure, 
composition, and ecological health of the sites included in this study were annual rainfall, 
distance from the river, elevation, mesotopographic index, road density, and slope.  
3.3.7.1 Annual rainfall 
Annual rainfall was consistently among the top six most important explanatory variables 
for the structure, composition and ecological health response variables included in the 
tree models. The key change points were 900 mm, 1025 mm, 1050 mm, 1200 mm, and 
300 mm. At 900 mm, native species richness began to plateau after increasing. At 1025 
mm, exotic species richness began to plateau. At 1050 mm, exotic species importance 
stopped increasing and started to decline. At 1200 mm, understory density began to 
decline. At 300 mm, the drastic increase in canopy cover levelled out. TK-7 and TT-5 
sites had an annual rainfall above 1050 mm. TK-7 had a mean native species richness and 
importance, exotic species richness and importance, understory density, and canopy cover 
of 5.00 and 29.33, 1.67 and 8.76, 1534.72 stems per hectare per plot, and 60 %, 
respectively. TT-5 had a mean native species richness and importance, exotic species 
richness and importance, understory density, and canopy cover of 9.00 and 60.17, 
respectively, 0.67 and 4.67, respectively, 412.33 stems per hectare, and 88.33 %, 
respectively. These values were high for native species and canopy cover, and low for 
exotic species understory density compared to the other sites.   
3.3.7.2 Distance from the river  
Distance from the river was consistently among the top six most important explanatory 
variables. The key change points were 65 m, 200 m, 190 m, and 165 m. At 65 m, native 
species richness began to plateau after declining. At 200 m, native species richness and 
importance started to decline. At 190 m, exotic species richness and importance started 
to increase after declining. At 165 m, canopy cover started to increase after declining.  
MK-3 plot 1, which was 257.35 from the river, had a native species richness of 1.00 and 
importance of 6.00, an exotic species richness of 4.00 and importance of 38, with an 
understory density of 1075, and a canopy cover of 70 %. These results were low, high, 






Consistently among the top three most important explanatory variables was elevation. 
Key change points occurred at 175 m a.s.l., 150 m a.s.l., 290 m a.s.l, and 50 m a.s.l. At 
175 m a.s.l, increases in native species richness began to plateau. At 150 m a.s.l, a sharp 
increase in native species importance was observed, increases in exotic species richness 
began to plateau, and exotic species richness began to decrease after increasing. At 
290 m a.s.l., exotic species richness began to increase again. At 50 m a.s.l., the increases 
in understory density and canopy cover began to even out. Plot 7 at NG-3 had an elevation 
of 151 m a.s.l. The plot had a native species richness of 9 and importance of 53, an exotic 
species richness of 4 and importance of 18, an understory density of 1815.28 stems per 
hectare, and a canopy cover of 85 %.  
3.3.7.4 Mesotopographic index 
Among the top five most important explanatory variables for structure, composition and 
ecological health was mesotopographic index. The key change points were 30, 35, 45, 
and 55. At a mesotopographic index of 30, the rate of increase for native species 
importance increased rapidly before levelling out at 50. At a mesotopographic index of 
45, exotic species importance began to decline as did understory density. Canopy cover 
stopped increasing at a mesotopographic index of 35. Increases in native species richness 
began to plateau at a mesotopographic index of 55. Plot 2 at TT-4 had a mesotopographic 
index of 44, a native and exotic species richness of 5 and 4, respectively, a native and 
exotic species importance of 16 and 20, respectively, an understory density of 4017.73 
stems per hectare, and a canopy cover of 85 %.  
3.3.7.5 Road density 
Road density was consistently among the top six most important explanatory variables. 
Key change points occurred at 0.40 km², 0.60 km², 0.75 km², and 0.90 km ². At 0.40 km², 
native species richness began to increase. At 0.60 km², increases in native species 
importance stopped. At 0.75 km², understory density changed from increasing to 
decreasing and increases in exotic species richness began to plateau. At 0.90 km², 
increases in exotic species importance stopped and where canopy cover began to 
decrease. A road density 0f 0.93 km² was observed at plot 5 of MK-3. This site had a 





importance of 26 for both, an understory density of 3617.67 stems per hectare, and a 
canopy cover of 65 %.  
3.3.7.6 Slope 
Consistently among the top three most important explanatory variables was slope. Key 
change points occurred at 15°, 30°, 40°, and 50°. Between a slope of 0° and 5°, understory 
density drastically decreased, and canopy cover drastically increased. The biggest 
increases in native species importance occurred between a slope of 15° and 30°. 
Understory density began to increase at 30° where increases in native species richness 
began to plateau and a sharp decrease then increase in exotic species richness was 
observed. Decreases in exotic species richness began to plateau at 40°. Exotic species 
importance generally increased until a slope of 50° except for a decline between a slope 
of 25° and 30°. Canopy cover began to decrease at a slope of 55°. TK-6 plot 2 had a slope 
of 30°, a native and exotic species richness of 3 and 1, respectively, a native and exotic 
species importance of 19 and 5, respectively, with an understory density of 2900 stems 





4 Chapter Four 
Discussion 
The following chapter explores the restoration potential and needs of the 11 sites surveyed 
during this research, based on the current community structure and species composition 
of the sites. The restoration potential and needs are explored based primarily on the most 
important explanatory variables from the bagged regression tree models as well as the 
risk of future clearance and the similarities with ecological references.  
4.1 Important explanatory variables for species composition and 
community structure  
As outlined in section 3.3 the bagged regression tree models indicated that six most 
important explanatory variables for the species composition and community structure of 
the remnants included in this study were annual rainfall, distance from the river, elevation, 
mesotopographic index, road density, and slope. These results are congruent with past 
efforts to classify New Zealand forest and shrubland types (Develice & Burke, 1989; 
Wiser et al., 2011). In 1989, Develice and Burke assessed the relationships between plant 
communities and environmental gradients within podocarp-hardwood forests in the 
Maungataniwha Range located in Northland, New Zealand. A total of nine community 
types were generated from the study that were shaped by the elevation above sea level, 
landform, aspect, and the location on the slope (Develice & Burke, 1989). In 2011, Wiser 
et al. created a classification of forest and shrubland communities in New Zealand based 
on species composition and community structure. The different vegetation types were 
shaped by location, elevation above sea level, mean annual temperatures, mean annual 
precipitation, and slope (Wiser et al., 2011).   
Sites with the most desirable species composition and community structure would have a 
high importance of native species, a low importance of exotic species, a high understory 
density, and a high percentage canopy cover. Based on the results from the PDPs, sites 
with an annual rainfall between 1050 mm and 1200 mm, an elevation above 150 m a.s.l, 
a mesotopographic index of 45 or above, a road density of 0.60 km² or below, a slope 
between 15° and 30°, that were within 190 m from the water’s edge would have the most 





One of these important variables that appears often in the literature is elevation (Gracia 
et al., 2007; Lopatin et al., 2016). Elevation appears as an important variable for 
composition and structure in past studies (Gracia et al., 2007; Lopatin et al., 2016). In 
Spanish temperate forests, Gracia et al. (2007), found that the overall richness and 
diversity of understory shrub species decreased as elevation increased. Analysis of 
covariance results gave a F value of 5.8 and p value of <0.01 for elevation and species 
richness, and a F value of 3.1 and p value of 0.03 for elevation and diversity, indicating 
that the variances were statistically significant (Gracia et al., 2007). Important 
explanatory variables for community structure in Monte Oscuro temperate forests, 
located in central Chile, were assessed by Lopatin et al. (2016) using Light Detection and 
Ranging (LiDAR) data. The results from both generalised linear models and random 
forest models indicated that the three most important explanatory variables for 
community structure were mean canopy height, elevation in m a.s.l, and the standard 
deviation of the slope, in that order, except for tree species richness where elevation was 
the most important predictor (Lopatin et al., 2016). Prediction maps demonstrated that 
high species richness for all species, including, trees, shrubs, and herbs, was observed at 
lower elevations (Lopatin et al., 2016). This is in contrast with the present study where 
species richness increased with increasing elevation. In Monte Oscuro, high species 
richness at low elevations was linked to past land use (Lopatin et al., 2016). A history of 
logging at low elevation sites resulted in a mixture of early and late successional species, 
as well as the known distribution patterns of the species present (Lopatin et al., 2016). 
Interestingly, the prediction maps demonstrated that species richness was also high in 
areas close to rivers, which was also linked to the preferences and known distribution of 
the species and forest types present. (Lopatin et al., 2016). These results relate to those of 
the present study where native species richness increased with decreasing distance from 
the river. Future studies could assess this effect further. Perhaps native woody species are 
retained close to the water’s edge to mitigate erosion and flood risks (Marden, Rowan & 
Phillips, 2005), or perhaps the river promotes a level of humidity which is beneficial for 
the establishment and growth of native rainforest species.  
The relative importance of the differing explanatory variables has implications for 






4.1.1 Model performance 
Model performance for the six bagged regression tree models was generally good. RMSE 
values were generally low compared to the response variable data, and all R² values were 
greater than 0.70. While the RMSE values were not normalised and could not be directly 
compared between models, the best performing model was that of understory density and 
the lowest performing model was that of canopy cover.  
When assessing the importance of explanatory variables for predicting forest loss to urban 
development within temperate forests in New England, models for different time periods 
showed differing performance (Thorn et al., 2016). Boosted regression tree models gave 
a R² of 0.018 for cross validation, a R² of 0.088 for the training models, a mean residual 
deviance of 0.012, and an estimated standard error of the cross-validation deviance of 
0.0004, for the 2006 - 2011 time period (Thorn et al., 2016). For the 2001 - 2011 time 
period, boosted regression tree models gave a R² of 0.069 and 0.128 for cross validation 
and the training model respectively, a mean residual deviance of 0.028, and an estimated 
standard error of the cross-validation deviance of 0.0007, (Thorn et al., 2016). The 2006 
- 2011 time period explained less of the variance, indicating that there were more 
important variables not included in the model for that time period (Thorn et al., 2016).  
Lopatin et al. (2016) compared and contrasted the performance of generalised linear 
models and random forest models for determining the most important explanatory 
variables for species richness. The generalised linear models gave a coefficient of 
determination (R²) of 0.66, 0.50, 0.52, and 0.50 for the total, tree, shrub, and herb species 
richness, respectively (Lopatin et al., 2016). Normalised root mean square errors 
(nRMSE) from the generalised linear models were 16.26 %, 19.08 %, 19.89 %, and 
21.31 % for the total, tree, shrub, and herb species richness, respectively (Lopatin et al., 
2016). The bias for the generalised linear models were 0.05, 0.06, 0.08, and 0.09 for the 
total, tree, shrub, and herb species richness, respectively (Lopatin et al., 2016). This 
indicated better performance and lower bias compared to the R², nRMSE, and bias values 
for the random forest models which gave R² values of 0.55, 0.33, 0.45, and 0.46, nRMSE 
values of 18.30 %, 21.90 %, 18.95 %, and 21.00, and bias values of 0.07, 0.08, 0.09, and 
0.13 for the total, tree, shrub, and herb species richness respectively (Lopatin et al., 2016). 
In the case of the species richness at Monte Oscuro, the generalized linear models 





To further improve the performance of the models, future research could utilize different 
explanatory variables than the ones used. Alternatively, other model types could be 
adopted. The algorithm for random forests was put forward by Breiman in 2001. Random 
forests are an extension of bagging regression tree models that follow the same principles 
(Breiman, 2001). The key difference is that random forests add in more randomness to 
the tree-building phase (Breiman, 2001). The added randomness reduces the problem of 
tree correlation, and further reduces the variance of the base learner that is created from 
the training data set from the base learning algorithm (Breiman, 2001). Boosting is 
another ensemble method that utilizes AdaBoost algorithms (Dietterich, 2000; Freund & 
Schapire, 1996). Where bagging and random forests take the average of the models 
created, boosting sequentially creates stronger models (Dietterich, 2000; Freund & 
Schapire, 1996). Bagging and random forests are ideal for models with low bias and high 
variance and boosting is ideal for models with high bias and low variance (Boehmke & 
Greenwell, 2020). For the models in the present study, the use of a random forest 
algorithm may further improve the model performance.  
4.2 Restoration potential and needs 
Site degradation can result in changes to species composition such as invasions, loss of 
specialist species, and the gain of generalist species (Clewell et al., 2013; Hobbs & 
Norton, 2004). Degradation can also lead to the reduction of community structure, 
beneficial soil properties, and nutrient retention, as well as changes in the microclimate, 
and moisture regimes (Clewell et al., 2013). In general, sites that are more degraded 
require a higher intensity of effort to be restored (Clewell et al., 2013). Four restoration 
methods which require increasing intensity of effort are prescribed natural regeneration, 
assisted natural regeneration, partial reconstruction, and complete reconstruction 
(McDonald, 2000; Prach et al., 2007; Clewell et al., 2013; Chazdon & Uriarte, 2016; 
Stanturf et al., 2014). In the present study, sites that are less degraded where a lower 
intensity of effort would be required for restoration, and therefore fewer restoration needs, 
are assumed to have a higher restoration potential.  
4.2.1 Annual rainfall 
In the present study, sites with an annual rainfall between 1050 mm and 1200 mm had a 
relatively high native species richness and importance, low exotic species richness and 





desirable species composition and community structure). These rainfall values could be 
used to inform restoration management. Sites with an annual rainfall between 1050 mm 
and 1200 mm would likely require a lower intensity of effort, have fewer restoration 
needs, and require fewer resources, compared to those with an annual rainfall outside of 
the desirable range. Sites with an annual rainfall outside of the desirable range may 
require greater investments and more interventions. Where the aim is to restore more 
degraded sites, restoration projects could focus on sites outside of the 1050 mm to 1200 
mm annual rainfall range. In the present study, site MK-3 had the lowest annual rainfall 
of all the sites and could be considered for a project targeting more degraded sites. 
Restoration in the favourable rainfall belt could be more passive (require fewer 
investments and interventions). In the present study, site TK-7 had an annual rainfall 
within the desirable range and restoration of forest composition and structure at this site 
could be less intensive than at sites with rainfall <1050 mm and >1200 mm per annum.  
4.2.2 Distance from the river 
Sites within 190 m from the river’s edge had the most desirable species composition and 
community structure in the present study. These results suggest that sites, or portions of 
a site, further than 190 m from the river’s edge may require a more active approach 
(greater investments and more interventions) for restoration compared to those within 190 
m from the river’s edge where forest composition and structure is more native dominated 
and diverse. The 190 m threshold may be used to inform decisions regarding investments 
in restoration. In the present study, site NG-7 was furthest from the river’s edge and sites 
NG-3 and NG-5 were present right up to the river’s edge. These three sites could be 
considered for projects targeting more degraded and less degraded sites. Of the plots 
surveyed, the centre of plot 1 at site TK-7 was closest to the river’s edge, and the centre 
of plot 3 at site NG-7 was the furthest, and almost double the 190 m threshold, from the 
river’s edge. These results demonstrate that portions of TK-7 and NG-7 could be 
considered for more passive (invest less) and active (invest more) restoration, 
respectively.  
4.2.3 Elevation 
Sites that currently have a more desirable species composition and community structure 
in the present study, had an elevation above 150 m a.s.l, as demonstrated by the bagged 
regression trees and PDPs. In terms of restoration management, these results are 





native angiosperms regenerated at greater densities with increasing elevation (Forbes et 
al., in press), suggesting that sites with an elevation below 150 m a.s.l. could be made a 
priority for active restoration requiring intensive investment and intervention. These 
results also suggest that sites with an elevation above 150 m a.s.l. could be made a priority 
for passive restoration. Eighteen of the 33 plots had an elevation below 150 m a.s.l. Plot 
2 at site NG-5 had the lowest elevation indicating, that at least a portion of the site could 
be considered for more intensive restoration projects. Plot 5 at site TT-5 had the highest 
elevation that was approximately double the 150 m a.s.l. threshold, indicating that at least 
a portion of the site could be considered for more passive restoration projects.  
4.2.4 Mesotopographic index 
Results from the bagged regression tree models and PDPs suggest that sites with a 
mesotopographic index of 45 or above had the best community structure and species 
composition of the sites included in the present study. These results suggest that sites with 
moderate to high protection were more likely to have a more desirable community 
structure and species composition and would likely require lower investments, intensity 
of effort and interventions to restore. Restoration projects that aim to restore more 
degraded sites and utilize more active methods could prioritise sites that have a 
mesotopographic index below 45. Plot 4 at site NG-5 had the lowest mesotopographic 
index and protection of all the sites surveyed, indicating that a portion of the site could 
be considered for active restoration projects targeting more degraded sites. Restoration 
projects where the aim is to restore sites that are less degraded and utilize more passive 
methods could prioritise sites that have a mesotopographic index of 45 or greater. Plot 1 
at site TT-5 had the highest mesotopographic index and therefore protection, indicating 
that at least a portion of the site could be included in passive restoration projects targeting 
less degraded sites.  
4.2.5 Road density 
A road density of 0.60 km² or below was associated with sites that contained a more 
desirable species composition and community structure in the present study. These results 
suggest that sites surrounded by fewer roads may be less degraded and require lower 
investments, fewer interventions, and have a higher restoration potential compared to 
sites with a road density greater than 0.60 km². It also suggests that sites with a road 
density of 0.60 km² or below could be prioritised in passive restoration projects, and sites 





targeting more degraded sites that require more investments and interventions. In the 
present study, site TK-5 had the lowest road density and site MK-3 had one of the highest. 
These results suggest that TK-5 and MK-3 could be included in restoration projects where 
the aim is to utilize more active or intensive efforts and passive or less intensive efforts, 
respectively.  
4.2.6 Slope 
In the present study, sites with a slope between 15° and 30°, or a rolling to very steep 
slope, had a more desirable species composition and community structure, suggesting that 
sites outside of this desirable range would require more investments, interventions, and a 
greater intensity of effort. Restoration projects targeting more degraded sites where the 
aim is to include more interventions, greater investments, and more active methods, could 
target sites outside of the desirable slope range. For example, plot 3 at site TK-7 had one 
of the shallowest slopes and plot 1 at site NG-7 had one the steepest slopes of all the sites 
surveyed. These results suggest that more active restoration projects could involve at least 
a portion of sites TK-7 and NG-7. Restoration projects targeting less degraded sites where 
the aim is to include fewer interventions and investments, and utilize more passive 
methods, could target sites within the 15° to 30° slope range. For example, plot 1 at site 
NG-5 had a slope within the desirable range, indicating that less intensive and more 
passive restoration efforts would be required at a portion of the site.  
4.2.7 Improving species composition and community structure  
One of the key aims of ecological restoration is aiding the successional trends that would 
occur naturally in a healthy system (Clewell et al., 2013). Succession refers to the changes 
in species composition and community structure that occur over time (Walker et al., 
2010). Primary succession occurs after large scale disturbances and secondary succession 
occurs after less severe disturbances where not all of the vegetation was removed (Walker 
et al., 2010). One way of aiding succession is through the manipulation of the current 
species composition and community structure and may be achieved through the removal 
of exotic or other undesirable species, and the introduction of desirable and site-
appropriate native species (Clewell et al., 2013; Forbes et al., 2020).  
Exotic species were present at all of the sites and were dominant in many of the plots 
surveyed, as demonstrated by the current vegetation classification in Table 3.3. Many of 





dominance of exotic species, creating a vegetation classification that is dominated by 
native and site-appropriate species, and to aid in the successional processes at each site, 
passive or active restoration efforts could take place. A few of these efforts, including the 
use of nurse plants in passive efforts (Callaway et al., 1991; Forbes, 2017; Burrows et al., 
2015; Sullivan et al., 2007), canopy manipulation as a more active approach (Tulod et al., 
2019), and the use of ecological references (Clewell et al., 2013) to inform decisions 
regarding the addition of desired species are discussed below.  
4.2.7.1 Addition of desirable species 
Approximately 70 % of New Zealand’s indigenous forest plants are bird dispersed 
(Williams 2006; Wotton & Kelly 2012).  Because of this, dispersal generally occurs 
within several hundred metres of the source, meaning that proximity to seed sources is 
important for forest health, structure, and composition (Williams 2006; Wotton & Kelly 
2012). Proximity to seed sources would be of little issue to sites like TT-4 and TT-5, 
which are in relatively close proximity to Inglis Bush and other bush fragments in the 
surrounding landscape. This is in comparison to isolated sites with low native species 
richness and importance like NG-6, where poor proximity to seed sources is a big issue. 
The issue of seed sources, particularly for late-successional and emergent species, may 
be addressed through methods such as enrichment planting of seedlings and saplings 
(Forbes et al., 2020). Important factors affecting the success rate of interventions such as 
enrichment planting include planting densities, seed predation, herbivory, competition 
with exotic and weed species, canopy cover, and light conditions (Forbes et al., 2020).  
4.2.7.1.1 Use of nurse plants 
Nurse plants have been shown to increase the survival and growth rates of native species 
(Callaway et al., 1991; Forbes, 2017; Burrows et al., 2015; Sullivan et al., 2007), 
particularly where abiotic conditions are harsh (Padilla & Pugnaire, 2006; Gomex-
Aparicio et al., 2004). The services that nurse plants offer include decreasing the amount 
of solar radiation, retaining moisture, and increasing nutrients in the soil, and protection 
against herbivory (Callaway et al., 1991). Nurse plants may also speed up the restoration 
process (Svirz et al., 2012). Present within temperate forests in Patagonia, Argentina, is 
the invasive and exotic shrub species Rosa rubiginosa (Svirz et al., 2012), which was also 
present at MK-3, NG-3, and TT-4. R. rubiginosa has demonstrated the ability to act as a 
nurse plant, with between one and six native species and one to two exotic species being 





15 % of R. rubiginosa assessed were found to have native and exotic species, respectively, 
regenerating beneath them (Svirz et al., 2012). Of four tree species native to Patagonia 
that were planted under R. rubiginosa, two showed higher survival rates where R. 
rubiginosa was present as a nurse plant, while the other two showed no difference in 
survival between areas with and without the nurse plant (Svirz et al., 2012). These results 
indicated that R. rubiginosa could be used as a restoration tool (Svirz et al., 2012).  
Non-harvest Pinus radiata plantations in New Zealand have also demonstrated the ability 
to facilitate forest succession and act as a passive restoration tool (Forbes et al., 2019). In 
Kinleith Forest, located in the central North Island of New Zealand, increasing stand age 
and decreasing light availability has been shown to change the indigenous composition 
from a dominance of light-demanding colonists to a dominance of shade-tolerant forest 
tree species (Forbes et al., 2019). Results from a chronosequence demonstrated that in the 
first 15 years, the understory was dominated by light-demanding colonist species such as 
C. arborea and A. serrata (Forbes et al., 2019).  As the canopy cover increased the 
dominance shifted to more shade tolerant species such as Schefflera digitata, M. 
ramiflorus, and Brachyglottis repanda (Forbes et al., 2019).  By the 44th year the 
understory was dominated by generalist shade-tolerant forest tree species such as B. tawa, 
Hedycarya arborea and Litsea calicaris (Forbes et al., 2019). Native woody species 
richness was associated with stand age (F = 9.75, p = 0.02), indicating that as the planted 
exotic stand aged the richness of native woody species increased (Forbes et al., 2019). 
Across 89 years canopy cover increased from 0 % to 92 % and the percentage of 
photosynthetically active radiation decreased from 100 % to 25 % (Forbes et al., 2019). 
Distance to seed sources and light availability may still be an issue where exotic 
plantations are used as nurses for the restoration of native forests, and interventions such 
as canopy manipulations and enrichment planting may be required (Forbes et al., 2019).  
Salix spp. are another exotic species to New Zealand that have been used successful as 
nurse plants, including in riparian restoration projects (Kuzovkina & Quigley, 2004; 
Forbes, 2017). At least one Salix spp. was present at all of the sites except for TK-6. 
Exotic shrub species such as Cytisus scoparius and U. europaeus have been demonstrated 
to facilitate the regeneration of native species in New Zealand (Burrows et al., 2015; 
Sullivan et al., 2007). Nurse plants could be used as a passive restoration method at the 





present at MK-3, NG-5, NG-6, and TK-6, and R. fructicosus which was present at all 11 
sites, could be utilized for this purpose.  
4.2.7.1.2 Canopy manipulation 
The light conditions for the regeneration of canopy and emergent species in New Zealand 
is variable (Knowles & Beveridge 1982; Lusk & Ogden 1992; Wyse et al. 2018). The 
regeneration of some of the canopy and emergent species appears to be linked with 
increased light levels and small-scale disturbances such as canopy gaps (Knowles & 
Beveridge 1982; Lusk & Ogden 1992; Wyse et al. 2018). Past studies have demonstrated 
the positive effects of canopy manipulation for late-successional species (Tulod et al., 
2019). Canopy manipulation may be achieved by the creation of artificial canopy gaps 
through the removal of existing trees (Tulod et al., 2019). Tulod et al. (2019) trialled 
different treatments of establishing the light-demanding P. totara (Ebbett & Ogden, 
1998), under early successional K. robusta in Tiromoana Bush, North Canterbury, New 
Zealand. The treatments included, artificial gap creation, ringbarking, and a control 
(Tulod et al., 2019). Artificial gap creation was achieved by felling a small number of K. 
robusta. A small number of K. robusta were ringbarked at the forest edge between K. 
robusta and grassland. The control was comprised of a dense K. robusta canopy (Tulod 
et al., 2019). The mean relative height growth of P. totara seedlings was significantly 
faster and approximately twice as fast underneath the artificial gaps (1.41±0.14) 
compared to that of the ringbarking (0.78±0.09, p = 0.01), forest edge (0.81±0.25, p = 
<0.01), and control (0.42±0.00, p = <0.01) treatments (Tulod et al., 2019). Results 
indicated that the conditions created by the artificial canopy gaps were important for the 
establishment of P. totara (Tulod et al., 2019). Based on these results, native species 
richness and importance could be increased at the K. robusta stands along the Tutaekuri 
River, as well as at NG-6, through the use of artificial canopy gaps and enrichment 
planting. These methods would facilitate successional processes and improve species 
composition and community structure at these sites and aid in their long-term restoration.  
4.2.7.1.3 Use of ecological references 
Ecological references are often used in restoration projects (Clewell et al. 2013). Such 
references serve as models for the planning and implementation stages of a project and 
may be used as a guide for improving the community structure and species composition 
of a restoration site (Clewell et al. 2013). Information regarding species composition, 





often be extrapolated from an ecological reference (Clewell et al. 2013). Temporal 
changes in environmental conditions must be kept in mind when considering the use of 
an ecological reference (Clewell et al. 2013). In the present study, the predicted pre-
human vegetation types were chosen as ecological references for the 11 sites. Three forest 
types, P. totara, A. excelsus subsp. excelsus forest, D. dacrydioides forest, and D. 
dacrydioides, P. totara, P. taxifolia forest, were consistently predicted for the sites 
(Singers, 2018). These forest types are based off the Singers and Rogers (2014) 
classification and are largely shaped by factors including elevation and annual rainfall.  
The P. totara, A. excelsus subsp. excelsus forest type (MF1) is considered to be 
‘extremely rare and threatened’ making any remnants of this forest type ecologically 
significant (Singers, 2018). Based on predictions, this forest type would have covered 
313,479 ha in pre-human times within the Hawke’s Bay region (Leathwick, 2017). This 
area has reduced over time and the MF1 forest type currently covers 17,260 ha 
(Leathwick, 2017). The letters M and F in the vegetation type code indicate that this forest 
type is part of the mild forest group whose mean summer temperature ranges from 15 - 
17° C, and whose climate can be described as semi-arid (Singers & Rogers, 2014). MF1 
can be found in warm to mild, drought prone areas occupying low hill country, and older 
river terraces, with brown and pallic soils (Singers & Rogers, 2014; Singers, 2018). MF1 
will be found no higher than 500 m a.s.l. (Singers, 2018). Like the name suggests, the two 
dominant species for the MF1 forest type are P. totara and A. excelsus subsp. excelsus. 
P. totara, P. taxifolia, D. dacrydioides, and Knightia excelsa can be found within the 
emergent layer of this forest type (Singers & Rogers, 2014). Within the subcanopy layer, 
abundant A. excelsus subsp. excelsus and M. ramiflorus can be found along with Nestegis 
spp., Plagianthus regius subsp. regius, S. tetraptera, Pittosporum eugenioides (Singers 
& Rogers, 2014).   
Eight of the remnants included in the present study were predicted to have been covered 
in the MF1 forest type prior to human arrival (Singers, 2018). Two of these sites TT-4 
(Figure 4.1) and TT-5 contained both of the diagnostic species, P. totara, A. excelsus 
subsp. excelsus. Also present at both of the sites were K. excelsa, D. dacrydioides, M. 
ramiflorus, S. tetraptera, and P. eugenioides, giving further evidence that these two sites 
currently fit the MF1 forest type. With the exception of A. excelsus subsp. excelsus at TK-
6, no diagnostic species for the MF1 forest type were present at NG-3, NG-7, or the 





(Singers, 2018). The presence of M. ramiflorus at all of the sites, S. tetraptera at NG-3, 
NG-7, TK-6, and TK-7, and P. regius subsp. regius at TK-5, could indicate that these 
sites would be suitable for the MF1 forest type. Further evidence of this is the fact that at 
least a portion of all 6 sites contained a hillslope. These results suggest that the MF1 forest 
type could be used as an ecological reference for the restoration of NG-3, NG-7, the 
Tutaekuri River sites TT-4 and TT-5.  
 
Figure 4.1: Mature P. totara at site TT-4. 
Remnants of the swamp forest type, D. dacrydioides forest (MF4; Figure 4.2), are few in 
number within the Hawke’s Bay region (Singers, 2018). It is likely that the MF4 forest 
types would have covered 30,905 ha of the Hawke’s Bay in pre-human times (Leathwick, 
2017). Presently, this area has drastically reduced to 398 ha (Leathwick, 2017). Areas 
containing the MF4 forest type will have a similar semi-arid climate to the MF1 forest 
type (Singers & Rogers, 2014). The MF4 forest type can be found in areas with poor-
draining gley and organic soils and seasonally high moisture deficits, that are drought-
prone and have an annual rainfall below 800 mm (Singers & Rogers, 2014; Singers, 
2018). Recent alluvial terraces are where the MF4 forest can be expected (Singers & 





Other species usually present within this forest type include, P. taxifolia, P. regius subsp. 
regius, S. tetraptera, Elaeocarpus hookerianus, M. ramiflorus, and P. eugenioides 
(Singers & Rogers, 2014). The subcanopy is usually sparse, and commonly found in the 
understory are divaricating shrubs (Singers & Rogers, 2014). Importantly, the absence of 
Laurelia novae-zelandiae at a site and in the pollen record, is an important factor for 
identification of the MF4 forest type as this is the differentiation between MF4 and D. 
dacrydioides, L. novae-zelandiae forest (WF8; Singers, 2018).  
Two of the remnants in the present study, NG-3 and MK-3, were predicted to have been 
covered, at least in part, by the MF4 forest type in pre-human times (Singers, 2018). D. 
dacrydioides was not present at either site. With the exception of M. ramiflorus, none of 
the other species associated with the MF4 forest type were present at NG-3 or MK-3. 
While NG-3 had terrace segments, the soils were well drained, and the annual rainfall 
was greater than 800 mm. Based on these results, MK4 may not be a suitable ecological 
reference for NG-3. At MK-3, the annual rainfall was below 800 mm, the soils were 
saturated with water and had poor drainage. The site was situated on a terrace, and a 
known MF4 remnant, the Tukituki Scenic Reserve (Singers & Rogers, 2014), is located 
approximately 4 km away from the site, giving evidence that the MF4 forest type could 
be used as an ecological reference for the restoration of MF4.  
  
Figure 4.2: Juvenile (left) and mature (right) D. dacrydioides at site TT-4. 
D. dacrydioides, P. totara, P. taxifolia forest (WF2-2) in pre-human times, likely covered 
59,747 ha within the Hawke’s Bay region (Leathwick, 2017). Presently, the forest type 





with gley soils that are imperfectly drained and an annual rainfall >1100 mm (Singers, 
2017, Leathwick, 2017). In pre-human times, WF2-2 would have occurred on sites with 
Holocene age river deposits, and along rivers and streams with alluvial soils (Leathwick, 
2017). WF2-2 was not included in the Singers and Rogers (2014) classification. Singers 
(2018) put forward the potential description of D. dacrydioides, P. totara, P. taxifolia, E. 
hookerianus, N. cunninghamii, N. lanceolata, A. excelsus subsp. excelsus, B. tawa, S. 
microphylla, and divaricating shrubs, among others.  
Within the present study, all of the Ngaruroro Rivers sites, as well as TT-4 and TT-5 
(Figure 4.3) were predicted to have been covered in WF2-2 in pre-human times (Singers, 
2018). The Ngaruroro River sites, and TT-4 had an annual rainfall of <1100 mm, and well 
drained soils. None of the Ngaruroro River sites, with the exception of A. excelsus subsp. 
excelsus at NG-5 and NG-7, contained any of the diagnostic species or species known to 
be present within the WF2-2 forest type. Found within TT-4 were two of the diagnostic 
species D. dacrydioides, P. totara, as well as A. excelsus subsp. excelsus. However, none 
of the other WF1 species were present at the site. These results suggest that the WF2-2 
forest type may not be a suitable ecological reference for the Ngaruroro River sites and 
TT-4. TT-5 had an annual rainfall >1100 mm, and while the soils had good drainage there 
was silt and gravel present in some of the plots. All three diagnostic species and A. 
excelsus subsp. excelsus were present at TT-5. Based on these results, the WF2-2 forest 
type could be used as an ecological reference for the restoration of TT-5.  





The extent of A. excelsus subsp. excelsus, M. laetum forest (WF1) within the Hawke’s 
Bay has been greatly reduced over time, with very little remaining in the region (Singers, 
2018). The forest type presently covers 63.1 ha of land, compared to the 2,908 ha that the 
forest type likely covered in pre-human times (Leathwick, 2017). The WF, or warm 
forests, experience mean summer temperatures between 17.5 and 22.5° C (Singers & 
Rogers, 2014). WF1 can usually be found on the slopes and crests of coastal hills and 
cliffs (Singers & Rogers, 2014). Broadleaved species including, A. excelsus subsp. 
excelsus, M. laetum, M. ramiflorus, P. arboreus, M. australis, Pennantia corymbosa, S. 
tetraptera, and Olearia paniculata, are included in the WF1 forest type (Singers & 
Rogers, 2014). D. dacrydioides, P. totara, and P. taxifolia, may also be occasionally 
found within the forest type (Singers & Rogers, 2014). Presently, many WF1 remnants 
are now dominated by C. laevigatus (Singers & Rogers, 2014, Singers, 2018), which was 
likely introduced to such sites by human means (Stowe, 2003).  
While none of the sites within the present study were predicted to have been covered by 
the WF1 forest type in pre-human times, some of the sites may be suited to this forest 
type. NG-5 (Figure 4.4) and NG-7 both contained A. excelsus subsp. excelsus, M. laetum, 
and C. laevigatus and were situated on hillslopes. Both sites contained M. ramiflorus and 
S. tetraptera, and NG-7 contained M. australis. These results suggest that the WF1 forest 
type could be used as an ecological reference for the restoration of NG-5 and NG-7.   
 
Figure 4.4: A. excelsus at site NG-5. 
The ecological references mentioned above could be used to inform restoration projects 
involving the 11 sites in the present study and future studies could further explore the 





this research. For example, further analysis of the soils, soil types, mean summer 
temperatures, water deficits, and pollen records could take place.  
4.2.7.2 Removal of non-desirable species 
In order to further improve the species composition and community structure and shift 
the dominance from exotic to native species, non-desirable species, such as exotic and 
site inappropriate species may need to be removed. Traditional methods of removal 
include chemical, mechanical, and physical control (Kelton & Price, 2009). More 
progressive methods include biocontrol, which involves the release of biological control 
species (Schwarzländer et al., 2018), the use of invertebrates for weed seed granivory, 
and the use of pathogenic fungi (Petit et al., 2018).  
Removal of non-desirable species may also be required where nurse plants are used. Svirz 
et al. (2012) acknowledged that once the native species were of an appropriate size, weed 
control of the exotic nurse species would need to take place. At this point, a more active 
approach may need to be adopted and may include the direct removal of all or a portion 
of the nurse species.  
Problematic species such as C. vitalba, R, fructicosus, and C. selloana, could be made a 
priority for removal. The removal of Salix spp., particularly after use as nurse species, 
could be used as an opportunity to test the efficacy of native species for erosion and flood 
protection.  
4.2.8 Risk of forest clearance 
As outlined in section 1.2.1 of this thesis, past studies have demonstrated that slope, road 
density, urban development, and adjacent land use are key predictors of forest loss in 
temperate forests (Ewers et al., 2006; Echeverría et al., 2007; Thorn et al., 2016; Monks 
et al., 2019).  
If the remnants in the present study follow the trends outlined by Monks et al. (2019), 
then sites like MK-3 and NG-6 that were relatively flat may be at risk of being cleared 
earlier than the other sites, and sites like TK-5 with a higher average slope, may be at risk 
of being cleared later than the other sites. The effect of slope on clearance risk would 
need to be tested in future studies.  
As the Ewers et al. (2006) study also covered the whole of New Zealand including the 





and fragmentation for the sites included in the present study. If this is the case then sites 
with a high road density, such as MK-3, are at a high risk of being cleared and sites with 
a low road density, such as NG-7 or TK-6, are likely to experience further fragmentation. 
For example, MK-3 had one of the highest road densities of the sites included in this 
research and was in close proximity to a town, Waipukurau, while TK-6 had one of the 
lowest road densities. Based on the results of Ewers et al. (2006) and Thorn et al. (2016), 
it may be likely that MK-3 is at a higher risk of being cleared than TK-6 based on road 
density alone. Further research is required to understand this risk. 
Surrounding land use was not important for explaining the current community structure 
and species composition of the sites surveyed. However, past studies have demonstrated 
that in recent times the surrounding land use most closely associated with forest clearance 
was dairy farming (Ewers et al., 2006; Monks et al., 2019). None of the sites included in 
the present study were surrounded by dairy farming. Future studies could assess the 
effects of dairy farming in native riparian forest remnants in the Hawke’s Bay region. In 
the present study, non-dairy farming was associated with high native species importance 
and canopy cover, and low exotic species importance and understory density. Plantation 
forestry was associated with low native species richness and importance, high exotic 
species richness and importance, as well as medium understory density and canopy cover. 
Recreation was associated with low native species importance and canopy cover, and high 
exotic species importance and understory density. Future studies could further explore 
the relationships between surrounding land use and the community structure and 
composition of the sites surveyed in this study and assess the probability of clearance for 
those sites.  
4.3 Recommendations for management 
Restoration projects involving the 11 sites included in the present study should aim to 
improve the species composition and community structure of the sites. This should 
include increasing the native species richness and importance, decreasing the exotic 
species richness and importance, and increasing the understory density and canopy cover. 
Methods may be passive such as the use of nurse plants, or active such as canopy 
manipulation, the control and removal of non-desirable species, and the use of enrichment 
planting to introduce missing species and to mitigate the effects of lack of seed sources. 
Key aims of such restoration projects should be to shift the structure of the sites from 





species. These aims would result in a new and improved vegetation classification for the 
sites, compared to the current one.  
Restoration projects seeking to utilize more active methods could target sites like NG-6 
and MK-3, which have the lowest restoration potential of the 11 sites. These two sites 
have the least to build on, as the sites contain poor species composition and community 
structure compared to the other sites. Both NG-6 and MK-3 are also isolated from seed 
sources, meaning that enrichment planting would be a requirement for the restoration of 
these two sites.  
Restoration projects seeking to employ more passive methods could involve the use of 
nurse plants. Sites containing potential nurse plants such as Salix spp., U. europaeus, and 
R. fructicosus may have a higher restoration potential compared to those without, as the 
presence of nurse plants allows for the introduction of later successional species with 
reduced competition from light-demanding weeds. This said, the nature of interactions 
between these exotic species and native woody species needs further investigation to be 
sure facilitation will occur in the local conditions (abiotic and biotic). Sites such as NG-
5 and TK-5 that contain all three of the suggested nurse species could be made a priority 
for passive restoration projects.  
Sites such as NG-3 and TK-7, where the explanatory variables mostly fit the desired 
levels, could be made a priority for passive restoration projects as these sites already have 
the most to build on in terms of community structure and species composition, giving 
them a higher potential for restoration success without the use of active interventions. 
Sites TT-4 and TT-5 currently contain all of the diagnostic species from the regionally 
significant D. dacrydioides, P. totara, P. taxifolia forest type (WF2-2) and P. totara, A. 
excelsus subsp. excelsus forest type (MF1). These two sites are also in close proximity to 
the managed forest remnant, Inglis Bush. TT-4 and TT-5 could eventually be planted to 
join one another as well as Inglis Bush, to create a site of high value.  
Being surrounded by non-dairy farming, and having relatively steep slopes, NG-7 and 
TK-6 may be at a lower risk of clearance in the future, increasing their restoration 
potential. With a high road density and shallow slope, MK-3 may be at a high risk of 
being cleared in the future, reducing the restoration potential of the site. Legal protection 
could be sought for sites like MK-3 with a high risk of clearance in order to prevent future 





4.4 Conclusions and recommendations 
Overall, the riparian forest remnants surveyed demonstrated moderate forest health, good 
soil quality, and a mixture of good and poor community structure and species 
composition.  
Bagged regression tree models indicated that the most important explanatory variables 
were annual rainfall, elevation, mesotopographic index, road density, slope, and distance 
from the river. These results are congruent with past studies in temperate forests. In 
general, sites with a high annual rainfall, moderate to high elevation, high 
mesotopographic index, moderate to low road density, moderate slope, and were closer 
to the water’s edge had a more desirable species composition and community structure. 
The results from the present study indicate that greater restoration investments and more 
active methodologies are more likely to be needed at sites or portions of a site with an 
annual rainfall outside of the 1050 mm to 1200 mm desirable range, that are present 
further than 190 m from the river’s edge, have an elevation less than 150 m a.s.l., have a 
mesotopographic index of greater than 45, a road density of 0.60 km ² or below, and have 
a slope outside of the 15° to 30° range. At such sites, restoration efforts would need to 
target the improvement of species composition and community structure and would need 
to take a more active approach. These efforts could include the addition of desirable 
species and the removal of undesirable species such as exotic or weeds species. This could 
be achieved through the use of ecological references, canopy manipulation, nurse plants, 
weed control and removal, and enrichment planting.  
Based on the current community structure and species composition, the sites with the 
highest restoration potential were TT-4 and TT-5, which could be included in restoration 
projects seeking to utilize more passive methods that require fewer investments. The sites 
with the lowest restoration potential were MK-3 and NG-6, which could be included in 
restoration projects seeking to use more active methods involving greater investments.  
Future research could further explore the relationships between the explanatory and 
response variables measured and adopt other methods for generating models such as 
random forests to improve model performance. Future research could assess the role that 
population density and dairy farming/land use intensity play on riparian forest remnants 
in the Hawke’s Bay region. Clearance risk, and the suitability of the ecological references 





conducted in future studies to determine the efficacy of nurse plants in facilitating 
recruitment of native woody species in the local conditions and how these compare to 
results from elsewhere in New Zealand. The use of native species in place of commonly 
used exotic tree species, such as those from the Salix genus, for erosion protection and 






Atkinson, I. A. (1962). Semi-quantitative measurements of canopy composition as a 
basis for mapping vegetation. Proceedings / New Zealand Ecological Society, 9, 
1-8. 
Beisner, B. E., Haydon, D. T., & Cuddington, K. (2003). Alternative stable states in 
ecology. Frontiers in Ecology and the Environment, 1(7), 376-382. 
Bennett, A.F., Nimmo D.G., & Radford, J.Q. (2014). Riparian vegetation has 
disproportionate benefits for landscape-scale conservation of woodland birds in 
highly modified environments. The Journal of Applied Ecology, 51(2), 514-523. 
Boehmke, B., & Greenwell, B. (2019). Hands-On Machine Learning with R. Chapman 
and Hall/CRC.  
Bradshaw, C.J., Warkentin, I.G., & Sodhi, N.S. (2009). Urgent preservation of boreal 
carbon stocks and biodiversity. Trends in Ecology & Evolution 
(Amsterdam), 24(10), 541-548. 
Breiman, L., Friedman, J.H., Olshen, R.A. & Stone, C.J. (1984). Classification and 
Regression Trees. Wadsworth, Belmont. 
Breiman, Leo. (1996). Bagging Predictors. Machine Learning 24 (2). Springer: 123–40. 
Breiman, Leo. (2001). Random Forests. Machine Learning 45 (1). Springer: 5–32. 
Broadmeadow, S., & Nisbet, T.R. (2004). The effects of riparian forest management on 
the freshwater environment: a literature review of best management practice. 
Hydrol.Earth.Syst.Sci., 8, 286–305 
Buchanan, S.W., Baskerville, M., Oelbermann, M., Gordon, A.M., Thevathasan, N.V., 
& Isaac, M.E. (2020). Plant Diversity and Agroecosystem Function in Riparian 
Agroforests: Providing Ecosystem Services and Land-Use 
Transition. Sustainability (Basel, Switzerland), 12(2), 568. 
Burrell, T.K., O’Brien, J.M., Graham, S.E., Simon, K.S., Harding, J.S., & McIntosh, 
A.R. (2014). Riparian shading mitigates stream eutrophication in agricultural 





Burrows, L., Cieraad, E., & Head, N. (2015). Scotch broom facilitates indigenous tree 
and shrub germination and establishment in dryland New Zealand. New 
Zealand Journal of Ecology, 39(1), 61-70. 
Callaway, R.M., Nadkarni, N.M., Mahall, B.E. (1991). Facilitation and interference of 
Quercus douglasii on understory productivity in central California. Ecology 72, 
1484–1499.  
Calle, A., & Holl, K.D. (2019). Riparian forest recovery following a decade of cattle 
exclusion in the Colombian Andes. Forest Ecology and Management, 452, 
117563. 
Chappel, P. R. (n.d.). The Climate and Weather of Hawke’s Bay (3rd Edition). NIWA. 
https://niwa.co.nz/static/Hawkes%20Bay%20WEB.pdf 
Chazdon, R. L., & Uriarte, M. (2016). Natural regeneration in the context of large‐
scale forest and landscape restoration in the tropics. Biotropica, 48(6), 709-715. 
Cieraad, E., Walker, S., Price, R., & Barringer, J. (2015). An updated assessment of 
indigenous cover remaining and legal protection in New Zealand’s land 
environments. New Zealand Journal of Ecology 39: 309–315. 
Clewell, A., Aronson, J., & Society for Ecological Restoration International. 
(2013). Ecological restoration: Principles, values, and structure of an emerging 
profession (2nd ed., Science and practice of ecological restoration). 
Conaf, Conama, Birf, Universidad Austral de Chile, Pontificia Universidad Cato´lica de 
Chile, Universidad Cato´lica de Temuco. (1999). Catastro y Evaluacio´n de los 
Recursos Vegetacionales Nativos de Chile. Informe Nacional con Variables 
Ambientales. Santiago, Chile. 
Cramer, V, Hobbs, R, & Standish, R. (2008). What's new about old fields? Land 
abandonment and ecosystem assembly. Trends in Ecology & Evolution 
(Amsterdam), 23(2), 104-112. 
Cushman, S.A., Macdonald, E.A., Landguth, E.L., Malhi, Y., & Macdonald, D.W. 
(2017). Multiple-scale prediction of forest loss risk across Borneo. Landscape 
Ecology, 32(8), 1581-1598. 






de Lange, P., et al. (2018). Conservation status of New Zealand indigenous vascular 
plants, 2017. Department of Conservation. 
https://www.doc.govt.nz/globalassets/documents/science-and-
technical/nztcs22entire.pdf 
De’ath, G. & Fabricius, K.E. (2000). Classification and regression trees: a powerful yet 
simple technique for ecological data analysis. Ecology 81: 3178–3192. 
DeClerck, F., et al. (2010). Biodiversity conservation in human-modified landscapes of 
Mesoamerica: Past, present and future. Biological Conservation, 143(10), 2301-
2313. 
Department of Conservation. (2014). The Foliar Browse Index field manual. 
Department of Conservation. 
https://www.doc.govt.nz/Documents/conservation/threats-and-impacts/animal-
pests/foliar-browse-index-field-manual.pdf 
Develice, R.L., & Burke, W. (1989). Gradient analysis of forest vegetation in the 
Maungataniwha Range, western Northland, New Zealand. New Zealand Journal 
of Botany, 27(1), 27-34. 
Dietterich, T.G. (2000). An Experimental Comparison of Three Methods for 
Constructing Ensembles of Decision Trees: Bagging, Boosting, and 
Randomization. Machine Learning, 40(2), 139-157. 
Donoso, C. (1993). Bosques templados de Chile y Argentina: variacio´n, estructura y 
dina´mica. Universitaria, Santiago, Chile. 
Dosskey, M.G., Vidon, P., Gurwick, N.P., Allan, C.J., Duval, T.P., & Lowrance, R. 
(2010). The Role of Riparian Vegetation in Protecting and Improving Chemical 
Water Quality in Streams 1. Journal of the American Water Resources 
Association, 46(2), 261-277. 
Ebbett, R.L. & Ogden, J. (1998). Comparative seedling growth of five endemic New 
Zealand podocarp species under different light regimes. New Zealand Journal of 
Botany, 36(2), pp.189–201. 
Echeverría, C., Cayuela, L., Manson, R.H., Coomes, D.A., Lara, A., Rey-Benayas, J.M., 
& Newton, A.C. (2007). Spatial and temporal patterns of forest loss and 





fragmented forest landscapes: The forests of montane Mexico and temperate 
South America (pp. 14-42). Wallingford, UK: CABI. 
Echeverria, C., Coomes, D., Salas, J., Rey-Benayas, J., Lara, A., & Newton, A. (2006). 
Rapid deforestation and fragmentation of Chilean Temperate 
Forests. Biological Conservation, 130(4), 481-494. 
Ewers, R.M., Kliskey, A.D., Walker, S., Rutledge, D., Harding, J.S., & Didham, R.K. 
(2006). Past and future trajectories of forest loss in New Zealand. Biological 
Conservation, 133(3), 312-325. 
Fleet, H. (1986). The Concise Natural History of New Zealand. Heinemann Publishers, 
Auckland. 
Forbes, A. (2011). Ngaruroro River Flood Protection and Drainage Scheme Ecological 
Management and Enhancement Plan. MWH. 
https://www.hbrc.govt.nz/assets/Document-Library/Consents/Notified-
Consents/4276-AM11-04-Ngaruroro-Ecological-Management-Plan.pdf 
Forbes, A. S. (2017). Canopy manipulations of exotic Bitter Willow (Salix elaeagnos) 
forest for indigenous seedling recruitment: A pilot study. Ecological 
Management and Restoration, 18(1), 78–82.  
Forbes, A. S., Allen, R. B., Herbert, J. W., Shaw, W. B., Taurua, L. (In Press). 
Determining the Balance Between Active and Passive Indigenous Forest 
Restoration after Exotic Conifer Plantation Clear-fell. Forest Ecology and 
Management. 
Forbes, A.S., Wallace, K.J., Buckley, H.L., Case, B.S., Clarkson, B.D., & Norton, D.A. 
(2020). Restoring mature-phase forest tree species through enrichment planting 
in New Zealand’s lowland landscapes.  New Zealand journal of ecology, 2020, 
Vol.44 (1). 
Forbes, A., & Whitesell, P. (2015). Tutaekuri River Ecological Management and 
Enhancement Plan. Hawke’s Bay Regional Council. 
https://www.hbrc.govt.nz/assets/Document-Library/Publications-Database/4748-
AM15-13-Tutaekuri-River-Ecological-Management-and-Enhancement-Plan.pdf 
Forbes, A., Norton, D.A. & Carswell, F.E., (2019). Opportunities and limitations of 





restoration. New Zealand journal of forestry science, 49(6), pp. New Zealand 
journal of forestry science, 2019, Vol.49 (6). 
FORMAK. (2005). FORMAK Forest Monitoring Manual. Retrieved from 
http://www.formak.co.nz/webfolder.html 
Forsyth, D.M., Coomes, D.A., Nugent, G., & Hall, G.M. (2002). Diet and diet 
preferences of introduced ungulates (Order: Artiodactyla) in New Zealand. New 
Zealand Journal of Zoology, 29(4), 323-343 
Freund, Y. & Schapire, R. E. (1996). Experiments with a new boosting algorithm. In 
Proc. 13th International Conference on Machine Learning (pp. 148–146). 
Morgan Kaufmann. 
Gondard, H., Jauffret, S., Aronson, J., & Lavorel, S. (2003). Plant Functional Types: A 
Promising Tool for Management and Restoration of Degraded Lands. Applied 
Vegetation Science 6:223– 34 
Gracia, M., Montané, F., Piqué, J., & Retana, J. (2007). Overstory structure and 
topographic gradients determining diversity and abundance of understory shrub 
species in temperate forests in central Pyrenees (NE Spain). Forest Ecology and 
Management, 242(2), 391-397. 
Grant, P. J. (1996). Hawke’s Bay Forests of Yesterday. CHB Print.  
Hawke’s Bay Regional Council. (n.d.). Hawke’s Bay Region – Quick Facts. Hawke’s 
Bay Regional Council. https://www.hbrc.govt.nz/hawkes-bay/about-our-
region/quick-facts/ 
Halle, S., & Fattorini, M. (2004). Advances in restoration ecology: Insights from 
aquatic and terrestrial ecosystems. In: Temperton VM ed. Assembly rules and 
restoration ecology: Bridging the gap between theory and practice. Washington 
DC, Island Press. Pp. 10-33. 
Handford, P. (2000). Native forest monitoring: A guide for forest owners and managers. 
Wellington [N.Z.]: Forme Consulting Group. 
Hansen, M.C., et al. (2013) High-resolution global maps of 21st-century forest cover 





Hashiba, K. (2014). Tukituki Catchment Riparian Assessment. Hawke’s Bay Regional 
Council. https://www.hbrc.govt.nz/assets/Document-Library/Publications-
Database/4531-Tukituki-Catchment-Riparian-Assessment-2014.pdf 
Hashiba, K. (2014a). Tutaekuri, Ahuriri, Ngaruroro, Karamu Catchments Riparian 




Hashiba, K., Wade, O., Hesketh, W. (2014). Hawke’s Bay Biodiversity Inventory 
Current State of Knowledge. Hawke’s Bay, New Zealand: Hawke’s Bay 
Regional Council.  
Hazlett, P., Broad, K., Gordon, A., Sibley, P., Buttle, J., & Larmer, D. (2008). The 
importance of catchment slope to soil water N and C concentrations in riparian 
zones: Implications for riparian buffer width. Canadian Journal of Forest 
Research, 38(1), 16-30. 
Karrenberg S., Edwards P.J. & Kollmann J. (2002) The life history of Salicaceae living 
in the active zone of floodplains. Freshwater Biology, 47, 733–748. 
Keenan, R.J., Reams, G.A., Achard, F., De Freitas, J.V., Grainger, A., & Lindquist, E. 
(2015). Dynamics of global forest area: Results from the FAO Global Forest 
Resources Assessment 2015. Forest Ecology and Management, 352, 9-20. 
Hobbs, R. J., & Norton, D. A. (2004). Ecological filters, thresholds, and gradients in 
resistance to ecosystem reassembly. Assembly rules and restoration ecology: 
bridging the gap between theory and practice, 72-95. 
Kelton, J.A., Price, A.J. (2009). Weed science and management, in soil sciences, land 
cover, and land use. In: Verheye WH (ed) Soils, plant growth and crop 
production, in encyclopedia of life support systems (EOLSS), developed under 
the auspices of the UNESCO. EOLSS Publishers, Oxford, pp 76–101 
Kominoski, J.S., et al. (2013). Forecasting functional implications of global changes in 






Kuhn, M., et al. (2020). Package ‘caret’, Classification and Regression Training. 
https://github.com/topepo/caret/ 
Kuzovkina, Y.A., & Quigley, M.F. (2005). Willows Beyond Wetlands: Uses of Salix L. 
Species for Environmental Projects. Water, Air, and Soil Pollution, 162(1-4), 
183-204. 
Hurst, J.M., Allen, R.B. (2007). The Recce method for describing New Zealand 
vegetation – field protocols. Lincoln, New Zealand: Manaaki Whenua - 
Landcare Research. 
Lavorel, S., McIntyre, S., Landsberg, J., & Forbes, T. (1997). Plant Functional 
Classification: From General Groups to Specific Groups Based on Response to 
Disturbance. Trends in Ecology and Evolution 12:474– 78. 
Leathwick, J., McGlone, M.S., Walker, S. (2004). New Zealand’s Potential Vegetation 
Pattern. Manaaki Whenua Press, Lincoln, New Zealand. 
LINZ. (2019). NZ native polygons (Topo, 1:50k). https://koordinates.com/ 
LINZ. (2019). NZ roads: road section geometry. https://koordinates.com/ 
Lopatin, J., Dolos, K., Hernández, H.J., Galleguillos, M., & Fassnacht, F.E. (2016). 
Comparing Generalized Linear Models and random forest to model vascular 
plant species richness using LiDAR data in a natural forest in central 
Chile. Remote Sensing of Environment, 173, 200-210.  
MacLeod, C.J., Moller, H. (2006). Intensification and diversification of New Zealand 
agriculture since 1960: an evaluation of current indicators of land use change. 
Agriculture, Ecosystems & Environment 115: 201–218.  
Mahoney, J.M. & Rood, S.B. (1998) Streamflow requirements for cottonwood seedling 
recruitment – an integrative model. Wetlands, 18, 634–645. 
Marden, M., Rowan, D. & Phillips, C. (2005). Stabilising Characteristics of New 
Zealand Indigenous Riparian Colonising Plants. Plant and Soil, 278(1), pp.95–
105.  
McDonald, T. (2000). “Resilience, Recovery and the Practice of Restoration.” 





McGlone, M.S. (1989). The Polynesian settlement of New Zealand in relation to 
environmental and biotic changes. New Zealand Journal of Ecology 12: 115–
129. 
McNab, W.H. (1993). A topographic index to quantify the effect of mesoscale landform 
on site productivity. Canadian Journal of Forest Research 23: 1100-1107.  
McWethy, D.B., Wilmshurst, J.M., Whitlock, C., Wood, J.R., & McGlone, M.S. (2014). 
A high-resolution chronology of rapid forest transitions following Polynesian 
arrival in New Zealand. PLoS One, 9(11), e111328. 
Meli, P., Calle, A., Calle, Z., Ortiz-Arrona, C.I., Sirombra, M., & Brancalion, P.H. 
(2019). Riparian-forest buffers: Bridging the gap between top-down and bottom-
up restoration approaches in Latin America. Land Use Policy, 87, 104085. 
Merritt, D.M., Scott, M.L., LeROY POFF, N., Auble, G.T., & Lytle, D.A. (2010). 
Theory, methods and tools for determining environmental flows for riparian 
vegetation: Riparian vegetation‐flow response guilds. Freshwater 
Biology, 55(1), 206-225. 
MFE, & Stats NZ (2018). New Zealand’s environmental reporting series: our land 
2018. www.mfe.govt.nz  
Middleton, B. (2002). Flood Pulsing in Wetlands: Restoring the Natural Hydrological 
Balance. John Wiley and Sons, New York. 
Milborrow, S. (2019). Package ‘rpart.plot’, Plot ‘rpart’ models: An Enhanced Version 
of ‘plot.rpart’. http://www.milbo.org/rpart-plot 
Miller, C. (2002). Conservation of Riparian Forest Remnants, West Coast, New 
Zealand. Landscape Research, 27(2), 125-140 
Ministry for the Environment. (2019). LUCAS NZ Land Use Map 1990 2008 2012 2016 
v006. https://koordinates.com/ 
Ministry for the Environment. (2017). Average annual rainfall, 2016. 
https://koordinates.com/ 





Monks, A., Hayman, E., & Walker, S. (2019). Attrition of recommended areas for 
protection : Clearance of ecologically significant vegetation on private 
land. New Zealand Journal of Ecology, 43(2), 1-11. 
Myers, N., Mittermeler, R.A., Mittermeler, C.G., da Fonseca, G.A.B., & Kent, J. 
(2000). Biodiversity hotspots for conservation priorities. Nature 403, 853–858. 
Naiman, R., De´camps, H., & McClain, M. (2005). Riparian: Ecology, Conservation, 
and Management of Streamside Communities. Elsevier Academic Press, New 
York. 
New Zealand National Vegetation Survey Databank. (n.d.). NVS Plant Names & Codes. 
New Zealand National Vegetation Survey Databank. 
https://nvs.landcareresearch.co.nz/Resources/NVSNames 
Parrish, G. R. (1988). Wildlife and Wildlife Habitat of Hawke’s Bay Rivers. Department 
of Conservation. https://www.doc.govt.nz/globalassets/documents/science-and-
technical/sr2.pdf 
Padilla, F. M., & Pugnaire, F. I. (2006). The role of nurse plants in the restoration of 
degraded environments. Frontiers in Ecology and the Environment, 4(4), 196-
202. 
Petit, S., Cordeau, S., Chauvel, B., Bohan, D., Guillemin, J., & Steinberg, C. (2018). 
Biodiversity-based options for arable weed management. A review. Agronomy 
for Sustainable Development, 38(5), 1-21. 
Phillips, C.J., Marden, M., & Lambie, S.M. (2015). Observations of 'coarse' root 
development in young trees of nine exotic species from a New Zealand plot 
trial. New Zealand journal of forestry science, 45(13), pp. New Zealand journal 
of forestry science, 2015, Vol.45 (13). 
Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, 
R.E., & Stromberg, J.C. (1997). The natural flow regime: a paradigm for river 
conservation and restoration. BioScience, 47, 769–784. 
Prach, K., Pyšek, P., & Jarošík, V. (2007). “Climate and pH as Determinants of 
Vegetation Succession in Central European Man-made Habitats.” Journal of 





Pusey B.J. & Arthington A.H. (2003). Importance of the riparian zone to the 
conservation and management of freshwater fish: a review. Marine and 
Freshwater Research, 54, 1–16. 
QGIS.org. (2019). QGIS Geographic Information System. Open Source Geospatial 
Foundation Project. http://qgis.org. 
Quinn, G., & Keough, M. (2002). Experimental design and data analysis for biologists. 
Cambridge, UK ; New York: Cambridge University Press. 
Reed, C., & Ide, G. (2012). Hawke’s Bay Catchment Zone Profiles. Hawke’s Bay 
Regional Council. https://www.hbrc.govt.nz/assets/Document-
Library/Publications-Database/Hawkes-Bay-River-Catchment-Zone-Profiles.pdf 
Rosenfeld, J. S. (2002). Functional Redundancy in Ecology and Conservation. Oikos 
98:156– 62 
Ruckstuhl, K.E. et al. (2008) Introduction. The boreal forest and global change. Proc. 
R. Soc. Lond. B. Biol. Sci 363, 2245–2249 
Shepherd, T. G., Janssen, H.J. (2000). Visual soil assessment. Volume 3. Field guide for 
hill country land uses. Palmerston North, New Zealand: Horizons.mw & 
Landcare Research. 
Smap. (2018). Smap Soil Depth august 2018. https://koordinates.com/ 
Smith, W., & Lee, P. (2000). Canada’s Forests at a Crossroads: An Assessment in the 
Year 2000. World Resources Institute. 
Society for Ecological Restoration International (SER) (2004). The SER Primer on 
Ecological Restoration. Society for Ecological Restoration International, 
Science and Policy Working Group. 
http://www.ser.org/content/ecological_restoration_ primer.asp 
Soja, A.J., et al. (2007) Climate-induced boreal forest change: predictions versus 
current observations. Global Planet. Change 56, 274–296 
Stanturf, J. A., Palik, B. J., Williams, M. I., Dumroese, R. K., & Madsen, P. (2014). 






Storey, R. G., & Cowley, D. R. (1997). Recovery of three New Zealand rural streams as 
they pass through native forest remnants. Hydrobiologia, 353(1-3), 63-76. 
Stowe, C.J. (2003). The ecology and ethnobotany of karaka (Corynocarpus laevigatus). 
Unpublished MSc thesis, University of Otago, Dunedin. 110 p 
Sullivan, J. J., Williams, P. A., & Timmins, S. M. (2007). Secondary forest succession 
differs through naturalised gorse and native kānuka near Wellington and 
Nelson. New Zealand Journal of Ecology, 22-38. 
Schwarzländer, M., Hinz, H.L., Winston, R.L., & Day, M.D. (2018). Biological control 
of weeds: An analysis of introductions, rates of establishment and estimates of 
success, worldwide. BioControl (Dordrecht, Netherlands), 63(3), 319-331. 
Svirz, M., Damascos, M.A., Zimmermann, H., & Hensen, I. (2013). The exotic shrub 
Rosa rubiginosa as a nurse plant. Implications for the restoration of disturbed 
temperate forests in Patagonia, Argentina. Forest Ecology and 
Management, 289, 234-242. 
Therneau, T., Atkinson, B., & Ripley, B. (2019). Package ‘rpart’, Recursive 
Partitioning and Regression Trees. https://github.com/bethatkinson/rpart, 
https://cran.r-project.org/package=rpart 
Thorn, A., Thompson, J., & Plisinski, J. (2016). Patterns and Predictors of Recent 
Forest Conversion in New England. Land (Basel), 5(3), 30. 
Tulod, A.M., Norton, D.A., & Sealey, C. (2019). Canopy manipulation as a tool for 
restoring mature forest conifers under an early-successional angiosperm 
canopy. Restoration Ecology, 27(1), 31-37.  
van Andel, J., & Aronson, J. (2012). Restoration ecology: the new frontier. John Wiley 
& Sons. 
Viani, R.A., Bracale, G.H., & Taffarello, D. (2019). Lessons Learned from the Water 
Producer Project in the Atlantic Forest, Brazil. Forests, 10(11), 1031. 
Walker, L.R., Wardle, D.A., Bardgett, R.D., & Clarkson, B.D. (2010). The use of 
chronosequences in studies of ecological succession and soil development. The 
Journal of Ecology, 98(4), 725-736. 






Wardle, P. (1991). Vegetation of New Zealand. Cambridge, UK, Cambridge University 
Press. 672 p. 
Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag 
New York. ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org. Fowler, J., 
Cohen. L., & Jarvis, P. (2013). Practical Statistics for Field Biology (2nd 
Edition). Wiley.  
Wiser, S.K., Hurst, J.M., Wright, E.F., & Allen, R.B. (2011). New Zealand's forest and 
shrubland communities: A quantitative classification based on a nationally 





Appendix One: The 26 sites selected through the site selection process and their associated site selection data. Notes from the field checks 















































0 (N) 1 
(Undulating) 
Yes Waipukurau Golf 
Club. MK-1 and 
MK-2, which were 
also on the golf 
course land, were 
ruled out before 
being assessed 












0 (N) 0 
(Undulating) 



















0 (N) 1 
(Undulating) 
No No natives 
NG-3 1897903.88 
5616054.40 














142 (S) 32 (Very 
Steep) 
Yes Natives mixed in 






Appendix One (continued): The 26 sites selected through the site selection process and their associated site selection data. Notes from the 
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Appendix One (continued): The 26 sites selected through the site selection process and their associated site selection data. Notes from the 
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(Undulating) 
No Access from 
HBRC Mangaone 
public access point. 
No natives seen 
from road/track.  
TK-2 1915755.73 
5622962.84  














128 (E) 10 (Rolling) No Access from 
HBRC Dartmoor 
public access point. 
Plot 1 and 2 








Appendix One (continued): The 26 sites selected through the site selection process and their associated site selection data. Notes from the 












































26 (N) 53 (Very 
Steep) 
No Natives under a pine 















53 (E) 16 (Rolling) Yes Access via 
Waiwhenua farm 
stay. Kanuka stand.  
TK-5 1915063.89 
5624060.86 
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Steep) 
Yes Access via Fish and 
Game access. 
Kanuka stand.  
TK-6 1914471.95 
5625134.38 
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Yes Natives behind band 
of poplars and 
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Upstream of TK-5 
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(Undulating) 
No Lennox park. Native 
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Appendix One (continued): The 26 sites selected through the site selection process and their associated site selection data. Notes from the 














































233 (W) 14 (Rolling) No Access via a quarry.  
TT-1 1933798.73 
5594840.74 
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(Undulating) 
No Farmer didn’t give 
permission to cross 
land. Could not see 
natives from road.  
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Appendix One (continued): The 26 sites selected through the site selection process and their associated site selection data. Notes from the 
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(Undulating) 


















0 (N) 0 
(Undulating) 
















0 (N) 0 
(Undulating) 
No Couldn’t see natives 
from track; mostly 






Appendix Two: RECCE plot data from all sites and plots.  
Plot  River Date Plot size (m) GPS ref.  GPS ref.  Precision (m) 
MK-3_1 Tukituki 30/01/2020 10 x 10 1895940 5567888 4 
MK-3_2 Tukituki 30/01/2020 10 x 10 1896000 5567928 20 
MK-3_5 Tukituki 29/01/2020 10 x 10 1895861 5567959 10 
NG-3_2 Ngaruroro 5/02/2020 10 x 10 1897447 5616020 11 
NG-3_3 Ngaruroro 6/02/2020 10 x 10 1897944 5616019 19 
NG-3_7 Ngaruroro 6/02/2020 10 x 10 1897332 5615994 7 
NG-5_1 Ngaruroro 11/12/2018 10 x 10 1916884 5608430 4 
NG-5_2 Ngaruroro 11/12/2018 10 x 10 1916815 5608306 16 
NG-5_4 Ngaruroro 18/12/2018 10 x 10 1916903 5608622 3 
NG-6_1 Ngaruroro 22/01/2020 10 x 10 1913418 5605689 4 
NG-6_2 Ngaruroro 22/01/2020 10 x 10 1913408 5605749 1 
NG-6_3 Ngaruroro 22/01/2020 10 x 10 1913391 5605749 7 
NG-7_1 Ngaruroro 21/01/2020 10 x 10 1911218 5606105 1 
NG-7_2 Ngaruroro 22/01/2020 10 x 10 1911228 5606084 1 
NG-7_3 Ngaruroro 22/01/2020 10 x 10 1911208 5606145 4 
TK-4_1 Tutaekuri 14/02/2020 10 x 10 1908296 5626829 0 
TK-4_2 Tutaekuri 14/02/2020 10 x 10 1908357 5626800 0 
TK-4_3 Tutaekuri 14/02/2020 10 x 10 1908376 5626810 0 
TK-5_1 Tutaekuri 11/02/2020 10 x 10 1915257 5624077 3 
TK-5_2 Tutaekuri 11/02/2020 10 x 10 1915357 5624073 7 
TK-5_3 Tutaekuri 11/02/2020 10 x 10 1914957 5623973 3 
TK-6_2 Tutaekuri 12/02/2020 10 x 10 1914641 5625011 4 
TK-6_5 Tutaekuri 12/02/2020 10 x 10 1914143 5625211 0 
TK-6_6 Tutaekuri 12/02/2020 10 x 10 1914241 5625111 4 
TK-7_1 Tutaekuri 13/02/2020 10 x 10 1905751 5629356 0 
TK-7_2 Tutaekuri 13/02/2020 10 x 10 1905781 5629394 0 
TK-7_3 Tutaekuri 13/02/2020 10 x 10 1905831 5629394 0 
TT-4_2 Tukituki 15/01/2020 10 x 10 1882708 5577150 1 
TT-4_4 Tukituki 16/01/2020 10 x 10 1883109 5576851 2 
TT-4_5 Tukituki 15/01/2020 10 x 10 1882509 5577250 8 
TT-5_1 Tukituki 7/02/2020 10 x 10 1882013 5578528 2 
TT-5_2 Tukituki 7/02/2020 10 x 10 1882064 5578528 7 





Appendix Three: Bird species seen and heard during the five-minute bird counts at each plot.  
Plot Species Seen Heard Total 
MK-3_1 Alauda arvensis 0 1 1  
Gerygone igata 0 2 2  
Rhipidura fuliginosa 0 1 1  
UNID 0 2 1  
Zosterops lateralis 0 1 1 
MK-3_2 R. fuliginosa 1 1 2  
UNID 2 3 5 
MK-3_5 A. arvensis 0 1 1  
G. igata 0 1 1  
R. fuliginosa 0 1 1  
Turdus merula 0 12 12  
UNID 0 4 1 
NG-3_2 Himantopus himantopus 1 2 3  
Larus dominicanus 0 2 2  
Prosthemadera novaeseelandiae 0 2 2  
R. fuliginosa 0 1 1  
UNID 0 1 1 
NG-3_3 Circus approximans 1 0 1  
Gymnorhina tibicen 1 2 3  
L. dominicanus 0 1 1  
P. novaeseelandiae 0 1 1  
R. fuliginosa 0 1 1  
Turdus philomelos 1 0 1  
UNID 4 4 8 
NG-3_7 P. novaeseelandiae 0 1 1  
T. merula 0 2 2  
UNID 0 3 3  
Z. lateralis 0 3 3 
NG-5_1 G. igata 0 1 1  
R. fuliginosa 0 1 1  
UNID 0 1 1 
NG-5_2 A. arvensis  1 0 1  
Carduelis carduelis 1 0 1  
Carduelis chloris 1 0 1  
L. dominicanus 1 0 1  
R. fuliginosa 1 0 1  
T. merula 1 0 1 
NG-5_4 Acridotheres tristis 1 0 1  
UNID 1 0 1 
NG-6_1 L. dominicanus 0 2 2  






Appendix Three (continued): Bird species seen and heard during the five-minute bird counts 
at each plot.  
Plot Species Seen Heard Total 
NG-6_2 A. arvensis 0 2 2  
Egretta novaehollandiae 1 0 1  
Emberiza citrinella 1 
 
1  
G. tibicen 0 1 1  
L. dominicanus 1 1 2  
UNID 3 1 3 
NG-6_3 Phasianus colchicus 0 1 1  
UNID 0 2 1  
Z. lateralis 2 0 2 
NG-7_1 UNID 0 6 6 
NG-7_2 G. igata 0 1 1  
R. fuliginosa 0 2 2  
Todiramphus sanctus 0 1 1  
UNID 0 4 4  
Z. lateralis 4 0 4 
NG-7_3 R. fuliginosa 0 3 3  
UNID 0 3 3 
TK-4_1 H. himantopus 1 1 2  
R. fuliginosa 0 3 3  
UNID 3 3 6 
TK-4_2 G. igata 2 1 3  
G. tibicen 0 2 2  
R. fuliginosa 0 1 1  
UNID 0 4 4 
TK-4_3 G. igata 1 1 2  
H. himantopus 0 1 1  
R. fuliginosa 0 3 3  
T. merula 0 1 1  
UNID 0 5 1 
TK-5_1 G. igata 0 1 1  
T. merula 0 1 1  
UNID 0 6 6 
TK-5_2 G. igata 1 0 1  
Hirundo neoxena 2 0 2  
UNID 0 3 3 
TK-5_5 G. igata 0 1 1  
H. himantopus 0 2 2  
R. fuliginosa 2 1 3  







Appendix Three (continued): Bird species seen and heard during the five-minute bird counts 
at each plot.  
Plot Species Seen Heard Total 
TK-6_2 G. igata 0 2 2  
G. tibicen 0 1 1  
P. novaeseelandiae 0 2 2  
R. fuliginosa 1 2 3  
T. merula 0 1 1  
UNID 0 3 3 
TK-6_5 G. igata 0 1 1  
R. fuliginosa 0 1 1  
UNID 0 3 3  
Z. lateralis 0 3 3 
TK-6_6 Ninox novaeseelandiae 1 0 1  
P. novaeseelandiae 0 1 1  
T. merula 0 2 2  
UNID 0 2 2 
TK-7_1 P. novaeseelandiae 0 1 1  
R. fuliginosa 1 1 2  
UNID 0 3 3 
TK-7_2 R. fuliginosa 2 1 3 
TK-7_3 G. igata 0 1 1  
P. novaeseelandiae 0 1 1  
R. fuliginosa 0 1 1  
UNID 1 0 1 
TT-4_2 G. igata 0 1 1  
P. novaeseelandiae 0 1 1  
R. fuliginosa 1 2 3  
UNID 0 2 2 
TT-4_4 P. novaeseelandiae 0 2 2  
R. fuliginosa 0 2 2  
T. merula 0 1 1  
UNID 0 4 4 
TT-4_5 G. igata 0 1 1  
R. fuliginosa 1 2 3  
UNID 0 2 2 
TT-5_1 G. igata 0 2 2  
G. tibicen 0 1 1  
Hemiphaga novaeseelandiae 0 1 1  
R. fuliginosa 0 2 2  
T. merula 0 1 1  







Appendix Three (continued): Bird species seen and heard during the five-minute bird counts 
at each plot.  
Plot Species Seen Heard Total 
TT-5_2 G. tibicen 0 1 
 
 
P. novaeseelandiae 0 2 2  
R. fuliginosa 1 1 2  
T. merula 0 2 2  
UNID 0 5 5 
TT-5_5 G. igata 0 2 2  
P. novaeseelandiae 0 1 1  
R. fuliginosa 0 1 1  
T. merula 0 3 3  
UNID 0 2 2  





Appendix Four: Five-minute bird count data.   







MK-3 P1 30/01/2020 9:58:00 4 0 1 5 N 0 
 
MK-3 P2 30/01/2020 11:19:00 4 0 1 5 N 0 
 
MK-3 P5 29/01/2020 17:04:00 3 0 1 0 R 1 C. approximans, R. fuliginosa & Z. 
lateralis seen during time at plot.  
NG-3 P2 5/02/2020 15:42:00 4 0 1 5 N 0 Sitting in a Melicytus ramiflorus after 
the count: 2x G. igata, R. fuliginosa, & 
2x Z. lateralis. 
NG-3 P3 6/02/2020 10:14:00 4 0 1 5 N 0 Bird song continuous 
NG-3 P7 6/02/2020 13:06:00 4 0 1 5 N 0 G. igata seen in plot on arrival 
NG-5 P1 11/12/2018 12:15:00 3 0 1 5 N 0 Chrysococcyx lucidus heard from plot 
NG-5 P2 11/12/2018 12:48:00 6 1 1 5 N 0 
 
NG-5 P4 18/12/2018 13:04:00 6 0 1 5 N 0 Ardea modesta seen.  
NG-6 P1 22/01/2020 14:38:00 5 0 1 5 N 0 
 
NG-6 P2 22/01/2020 12:59:00 5 0 1 5 N 0 
 
NG-6 P3 22/01/2020 12:27:00 5 0 1 5 N 0 
 
NG-7 P1 21/01/2020 15:28:00 4 0 1 0 N 0 Overcast. R. fuliginosa, P. 
novaeseelandiae, G. igata seen at plot 
NG-7 P2 21/01/2020 16:51:00 3 0 1 0 N 0 Overcast. N. novaeseelandiae, R. 
fuliginosa, Z. lateralis, P. 
novaeseelandiae seen at plot 
NG-7 P3 22/01/2020 10:39:00 4 0 1 5 N 0 P. novaeseelandiae, R. fuliginosa, 
Circus approximans, Callipepla 
californica, E. citrinella, G. tibicen seen 







Appendix Four (continued): Five-minute bird count data.   







TK-4 P1 14/02/2020 8:29:00 3 0 1 5 N 0 Potential H. himantopus nesting 
site; displaying territorial behaviour 
and regularly scanning the 
surrounding area.  
TK-4 P2 14/02/2020 9:20:00 3 0 1 5 N 0 
 
TK-4 P3 14/02/2020 9:52:00 3 0 1 5 N 0 
 
TK-5 P1 11/02/2020 14:31:00 4 0 1 5 N 0 Tadorna variegata, H. himantopus 
seen by the plot.  
TK-5 P2 11/02/2020 15:21:00 4 0 1 5 N 0 
 
TK-5 P5 11/02/2020 16:58:00 4 0 1 5 N 0 P. novaeseelandiae and 2x R. 
fuliginosa seen at plot 
TK-6 P2 12/02/2020 10:37:00 3 0 1 5 N 0 R. fuliginosa & P. novaeseelandiae 
seen at plot. Continuous birdsong 
during the whole time spent at plot.  
TK-6 P5 12/02/2020 12:56:00 3 0 1 5 N 0 P. colchicus, R. fuliginosa, and G. 
igata seen at and around plot.  
TK-6 P6 12/02/2020 14:23:00 3 0 1 5 N 0 H. novaeseelandiae, P. 
novaeseelandiae, G. igata and N. 
novaeseelandiae seen at or around 
the plot.  
TK-7 P1 13/02/2020 11:53:00 3 0 1 5 N 0 
 
TK-7 P2 13/02/2020 13:05:00 4 0 1 5 N 0 
 
TK-7 P3 13/02/2020 14:21:00 5 0 1 5 N 0 
 
TT-4 P2 15/01/2020 17:47:00 3 0 0 0 N 0 H. novaeseelandiae heard and many 






Appendix Four (Continued): Five-minute bird count data.   







TT-4 P4 16/01/2020 12:25:00 3 0 0 0 N 0 H. novaeseelandiae sitting in mahoe 
tree. 3x R. fuliginosa seen. Overcast 
TT-4 P5 15/01/2020 14:09:00 4 0 0 0 N 0 R. fuliginosa & H. novaeseelandiae 
seen and heard during time at site 
TT-5 P1 7/02/2020 11:25:00 3 0 0 0 N 0 Overcast. Almost continuous calls 
with some quiet spells.  
TT-5 P2 7/02/2020 12:52:00 3 0 1 0 N 0 Overcast 






Appendix Five: Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
Structural Class NVS 
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  

































Native   
     
✓ 
    






   
✓ 
      
Gymnosperm 








        
✓ ✓ 




Fée  Not 
Threatened  
Endemic  
    
✓ ✓ ✓ 
   











Trees & Shrubs 
POPALB Populus alba 






        
Dicotyledonous 









Exotic   
  
✓ 
       
Dicotyledonous 
Trees & Shrubs 





Exotic  ✓ 
     
✓ 







Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Five (continued): Species list for all sites, presented in alphabetical order based on species name.  
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Appendix Seven: Partial dependence plots for the relationships between native woody 
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Appendix Seven (continued): Partial dependence plots for the relationships between 




















































































































































































 Appendix Seven (continued): Partial dependence plots for the relationships between 
native woody species importance and the explanatory variables not deemed most 























































































































































































































Appendix Seven (continued): Partial dependence plots for the relationships between 
exotic woody species importance and the explanatory variables not deemed most 






























































































































































































































Appendix Seven (continued): Partial dependence plots for the relationships between 
















































































































































































































































































Appendix Seven (continued): Partial dependence plots for the relationships between 
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